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HIGH-PRESSURE FLAME SYSTEM FOR POLLUTION STUDIES WITH 

RESULTS FOR METHANE-AIR DIFFUSION FLAMES 

I r v i n  M. M i l l e r  and Howard G. Maahs 
Langley Research Center 

SUMMARY 


A high-pressure flame system has been designed and constructed f o r  studying 
n i t rogen  oxide formation i n  f u e l - a i r  combustion. Its advantages and l i m i t a t i o n s  
have been demonstrated by te'sts with a confined laminar methane-air d i f f u s i o n  
flame over t h e  p re s su re  range from 1t o  50 a t m .  The methane i ssued  from a 
3.06-mm-diameter po r t  concen t r i ca l ly  i n t o  a stream of a i r  contained wi th in  a 
20.5-mm-diameter chimney. Except f o r  s p e c i a l  s t u d i e s  of flame s t a b i l i t y ,  f u e l  
and a i r  flow rates w e r e  he ld  constant  a t  41.8 s tandard cm3/min (sccm) and 
2450 sccm, r e spec t ive ly .  

A s  t h e  pressure  of t h e  flame w a s  increased  from 1t o  50 a t m ,  i t s  shape 
changed from wide and convex t o  s lender  and concave. A t  t h e  same t i m e ,  t h e r e  
w a s  a lparked inc rease  i n  t h e  amount of  carbon i n  t h e  flame as evidenced by i t s  
g r e a t l y  increased  luminosi ty .  The he ight  of t h e  flame changed moderately with 
pressure .  A t  h igher  pressures  t h e  l i m i t s  of s t a b i l i t y  and e x t i n c t i o n  w e r e  
g r e a t l y  reduced and t h e  l i m i t s  wi th in  which t h e  flame smoked were g r e a t l y  
increased.  

Average n i t r i c  oxide formation rates were g r e a t e r  than  those  p red ic t ed  by 
t h e  conventional two-step Zeldovich mechanism with oxygen atoms assumed t o  be 
i n  equi l ibr ium with oxygen molecules. Without making t h e  oxygen-atom equi l ib­
r i u m  assumption, requi red  superequi l ibr ium oxygen-atom r a t i o s  w e r e  ca l cu la t ed  
using t h e  Zeldovich mechanism. A t  1 a t m ,  t h e s e  r a t i o s  w e r e  c l o s e  t o  i i t e r a t u r e  
values  repor ted  f o r  premixed flames, bu t  t hey  increased markedly above 5 a t m .  
It may be t h a t  a t  e leva ted  pressures  an increas ing  amount of n i t r i c  oxide w a s  
formed through nitrogen-hydrocarbon r eac t ions  i n  add i t ion  t o  t h e  Zeldovich 
mechanism. 

The molar emission index f o r  NOX ( t h e  moles of t o t a l  n i t rogen  oxides 
formed per  mole of methane consumed) ,which w a s  0.85 x a t  1 a t m ,  increased  
r ap id ly  as pressure  w a s  increased;  it reached a maximum value of 1 . 2 1  x at 
about 9 a t m ;  and t h e r e a f t e r  it decreased slowly u n t i l  a t  50 a t m  it w a s  back t o  
t h e  same value t h a t  it w a s  at 1 a t m .  This  m a x i m u m  occurred i n  spi te  of t h e  
f a c t  t h a t  t h e  peak temperature i n  t h e  flame decreased from about 2130 K a t  
1 a t m  t o  about 1850 K a t  20 a t m ,  and t h e r e a f t e r ,  at h igher  p re s su res ,  decreased 
r e l a t i v e l y  l i t t l e .  Unfortunately,  t h e  present  d a t a  are i n s u f f i c i e n t  t o  permit 
a c l e a r  choice among s e v e r a l  a l t e r n a t e  explanat ions of t h i s  m a x i m u m  o f fe red  i n  
t h i s  r e p o r t .  A number of experiments which would a i d  i n  making such a choice 
are suggested.  



INTRODUCTION 


Pollution from aircraft turbine engines is an increasing national concern 

as more aircraft and more powerful engines are placed into service. The prob­

lem is particularly severe in and around airports because of aircraft concen­

tration and the greater quantity of fuel burned on take-off. Of the various 

pollutants discharged from these engines, two of the most harmful are nitric 

oxide and nitrogen dioxide, commonly referred to as NOx. A primary national 

goal is to control these NOX emissions, and numerous studies, both experimental 

and analytical, have been made toward this end. 


Experimental studies have involved measurements of pollutants in the com­

bustors and exhausts of turbine engines to correlate engine emissions with 

parametric adjustments in the combustor. Analytical combustion models have 

been formulated to predict pollutant formation in a given combustor. Each 

model consists of a unique combination of assumed chemical and fluid-mechanical 

mechanisms which is supposed to represent the combustion process. Such models 

can be of great value for designing more efficient, cleaner combustors if the 

assumed combination of mechanisms accurately represents the combustion, flow, 

and pollutant formation processes actually occurring in a given combustor. 

Since the actual combustion and flow processes are very complex (involving fuel 

injection, atomization and evaporation, air addition, partial recirculation, 

diffusion, heat transfer, turbulence, etc., at pressures up to 30 atm), experi­

mental verification is necessary. However, such verification is difficult and 

very expensive in actual combustors. An alternate approach would be to check 

combustion models with a simplified laboratory combustion system. To the 

authors' knowledge, there are no such laboratory combustion systems being used 

to verify combustion models at high pressures (30 atm and higher). 


Within an actual turbine engine combustor, the mixing state of fuel and 

air can exist locally between two limits: completely unmixed, as in the vicin­

ity of a vaporized fuel droplet near the fuel jet, and completely mixed, as in 

the highly turbulent region of the combustor. These two localized limiting 

states can be simulated in the laboratory by either of two simplified combus­

tion systems, the data from which can be useful in verifying current combustion 

models as well as in furthering the understanding of the NOX formation process 

in hydrocarbon flames. These two systems are a laminar diffusion flame and a 

laminar premixed flame. The laminar diffusion flame was chosen for the initial 

design and construction of the experimental facility because it is experimen­

tally safer and simpler, and it is not complicated by problems of mixing and 

flashback which become severe for premixed flames at high pressures. 


On the basis of the foregoing considerations, a high-pressure flame system 

was designed, constructed, and tested to determine the effect of pressure on 

NOX emissions from hydrocarbon-air flames. Descriptions of' this facility, of 

the combustion gas analysis system, and of the instrumentation for measuring 

the temperature of the luminous zone in the flame are presented in the first 

three sections of this report. Results obtained for a methane-air diffusion 

flame are presented and discussed in the last two sections. 
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Certain commercial materials are identified in this report in order to 

specify adequately which materials were used in the research effort. In no 

case does such identification imply recommendation or endorsement of the pro­

duct by NASA, nor does it imply that the materials are necessarily the only 

ones or the best ones available for the purpose. In many cases equivalent 

materials are available and would probably produce equivalent results. 
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SYMBOLS 

molar concentration of species i, moles/cm3 

average molar concentration of species i, moles/cm3 

mass concentration of carbon, g/cm3 


first Planck constant, 3.741844 pJ-cm2/sec 

second Planck constant, 1.438833 cm-K 


average carbon-particle diameter, d or nm (1d = 0.1 nm) 

Planck function, defined by equation (D7) 


function defined by equation (D3) 


emission index, (g of NOX as if all were N02)/(kg of CH4 consumed) 


molar emission index, (moles of NOX produced)/(mole of CH4 consumed) 


molar emission index for NOX at equilibrium, 

(moles of NOX produced)/(mole of CH4 consumed) 


equilibrium constant defined by equation (10) 


spectral extinction coefficient, cm2/g 

arbitrary constant 


forward and reverse elementary reaction-rate constants, cm3/mole-sec 
(number in subscript (e.g., kf6) refers to equation number) 

radiation path length, cm 


molecular weight of species i, g/mole 


complex index of refraction, n - inK 

Avogadro's number, 6.023 x molecules/mole 

number density of carbon particles, cm-3 
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0 

NCHq number of carbon atoms available in methane fuel per unit volume of 

reaction zone in flame assuming stoichiometric combustion in flame 

zone 


n refractive index 


n molar flow rate, moles/sec 


P pressure, atm (1 atm = 101.3 kPa) 

R universal gas constant, cal/mole-K or cm3-atm/mole-K 

'i reaction rate of species i, moles/cm3-sec 


-

ri average reaction rate of species i, moles/cm3-sec 


S stoichiometric molar fuel-air ratio 


T temperature, K 


Tad adiabatic flame temperature, K 


Tav average temperature in reaction zone, K 


Tb ,A brightness temperature at wavelength A, K 


Tf peak temperature in flame, K 


t time, sec 


c volumetric flow rate, cm3/sec 


VRX reaction volume, cm3 


W specific surface reaction rate, moles/cm2-sec 


xi mole fraction of species i 


-
xi average mole fraction of species i 


0 

XCH4 mole fraction of methane that would exist in flame zone under 

stoichiometric conditions if none had been converted to soot 


X	stoich equilibrium oxygen-atom mole fraction for stoichiometric premixed

O,eq combustion 


x~,reqld oxygen-atom mole fraction required by equation (8)to give observed 
NOX formation rate 

CL dispersion exponent; arbitrary constant 

B arbitrary constant 

4 



r surface area of carbon particles in flame per unit volume of reaction 
zone in flame 

� A  spectral emissivity 

IC absorption index 

A 	 wavelength, 1 or nm (1H = 0.1 nm) 

carbon-particle mass density, g/cm3 
PC 

tJ equivalence ratio 

4 '  pseudoequivalence ratio, defined by equation (1) 

X quantity defined in appendix E 


Subscripts: 

max maximum value assuming all carbon in fuel has been converted to 

carbon particles 


stoich stoichiometric conditions 


STP at standard temperature and pressure, 293 K and 1 atm 


Superscripts: 


carbon for stoichiometric conditions assuming that all methane has been 

transformed to carbon and hydrogen 


E experimenta1 


stoich for stoichiometric conditions assuming perfect mixing 


Chemical symbols: 


C carbon atom 


c2 diatomic carbon 

CH carbon-hydrogen radical 


CH4 methane 


co carbon monoxide 


co2 carbon dioxide 


H2 hydrogen molecule 


H20 water 
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He helium 


M arbitrary third body 


N nitrogen atom 


N2 nitrogen molecule 


NO nitric oxide 


NO2 nitrogen dioxide 


NOX total nitrogen oxides (NO and N02) 


0 oxygen atom 


02 oxygen molecule 


OH hydroxyl radical 


Abbreviations: 


C/L-A chemiluminescent analyzer 


cal. calibration 


diam dimeter 


F.M. flowmeter 


IR infrared 


i.d. inside diameter 


0.d. outside diameter 


sccm standard cm3/min 


DESCRIPTION OF SYSTEM 


The high-pressure flame system developed for this study represents the 
first such system for the investigation of confined laminar diffusion flames at 
elevated pressures up to 50 atm. The confined laminar diffusion flame, first 
analyzed by Burke and Schumann (ref. l), is a flame burning at the exit of a 
tube from which fuel gas issues coaxially into a cylindrical duct of coflowing 
air (or other oxidizer). An important part of the present high-pressure system 
is the provision for collection and analysis of the products of combustion from 
the flame, particularly oxides of nitrogen. The initial design of the system 
was based on the following parameters: 
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Fuel . . . . . . . . . . . . . . . . . . . . . . . . . . . .  Methane 
Molar fuel-air ratio . . . . . . . . . . . . . . . . . .  0.1 to 1.0 
Fuel flow rate, sccm . . . . . . . . . . . . . . . . . .  152 maximum 
Combustion pressure, atm . . . . . . . . . . . . . . . . . .  1 to 50 

Burner Design 


The heart of the high-pressure diffusion flame system is the burner, where 
methane gas (99.97 percent pure) issues coaxially from a cylindrical tube into 
a concentric cylindrical quartz tube through which air (99.995 percent pure,
total hydrocarbon concentration less than 1 ppm) is coflowing, as shown in fig­
ure 1. If the air and fuel streams are laminar, then the air and fuel mix 
largely by diffusion. Under these conditions, a stable diffusion flame results 
upon ignition. Burke and Schumann (ref. 1)were the first to analyze theoret­
ically this type of flame, and they developed an equation which predicts the 
flame height and shape for laminar flow. However, they experimentally verified 
their equation only over the very limited pressure range from 1 to 1 .5  atm. 

The equation developed by Burke and Schumann (ref. 1) and Reynolds criteria 

for laminar flow in tubes were used to size the burner for a small luminous 

flame. In addition to laminar flow requirements, the flame had to be luminous 

and nonsmoking. A luminous flame was necessary for measuring the temperature 

of the luminous zone by a relatively simple spectroscopic technique. This tech­

nique is discussed in a subsequent section. The requirement that the flame be 

nonsmoking avoids the problem of contaminating the system as well as of removing 

soot from the combustion products. 


To obtain a smoke-free, luminous flame at 1 atm, the pseudoequivalence 
ratio $ I ,  defined as the actual molar ratio of fuel to air divided by the 
stoichiometric molar ratio of fuel to airy1must be less than 1. If $ '  is 
near 1,the flame is luminous and sooty, and if 9 '  is greater than 1,the 
flame is nonluminous and contains large quantities of unburned hydrocarbons. 
Examples of these types of flames are shown in figure 2. (Extensive,detailed 
descriptions of such flames for the butane-air system at 1 atm are given by 
Barr (ref. 2 ) . )  From appendix A ,  the value of $ I  can be set by controlling 
the volumetric flow rates of fuel and air at standard conditions of temperature 
and pressure (293 K and 1 atm), or 

$ 1  = -1	VSTP,fuel 
'STP,air 

. . . . .  ..~. -~ . . . . . .  - . . .  

'The term "pseudoequivalence ratio" has been coined for the present dif­
fusion flame because the concept of equivalence ratio does not hold the same 
fundamental significance for a diffusion flame that it does when used for pre­
mixed flames. In an overventilated diffusion flame (i.e., I$'< 1) such as the 
one under study, it is generally assumed that the .effectiveequivalence ratio 
in the flame zone where the reaction actually occurs is very close to unity. 
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andwhere S i s  t h e  s to ich iometr ic  fue l - a i r  r a t i o  and V S T P , ~ ~ ~ ~  V S T ~ , ~ ~ ~  
are t h e  volumetric flow rates of f u e l  and a i r  a t  s tandard condi t ions .  For a l l  
measurements, t h e  volumetric flow rates of f u e l  and a i r  w e r e  maintained a t  41.8 
and 2450 sccm, r e spec t ive ly ,  f o r  reasons discussed i n  t h e  s e c t i o n ,  Smoke, 
S t a b i l i t y ,  and Ext inc t ion  L i m i t s .  Under t h e s e  condi t ions wi th  S = 0.105 for 
methane, +' = 0.162 by equat ion (1). 

The f u e l  tube  has  an i n s i d e  diameter of 3.06 mm and a w a l l  th ickness  of 
0.05 mm. (See f i g .  1.) The o u t l e t  edge of t h e  tube  i s  tapered  t o  minimize t h e  
formation of t u rbu len t  eddies .  The quar tz  a i r  tube ,  h e r e a f t e r  r e f e r r e d  t o  as 
t h e  quar tz  chimney, has an i n s i d e  diameter of 20.5 mm. I n  order  t o  ob ta in  a 
f l a t  v e l o c i t y  p r o f i l e  i n  t h e  f u e l  and a i r  streams as they  e x i t  from t h e  f u e l  
and air  ducts  (with t h e  i n t e n t  of s impl i fy ing  any t h e o r e t i c a l  ana lys i s  of t he  
combustion process i n  t h e  d i f f u s i o n  flame), a porous d i sk  of s i n t e r e d  s t a i n l e s s  
s t ee l  w a s  i n s t a l l e d  near  t h e  exi t  of t h e  f u e l  duct as w e l l  as near  t h e  e x i t  of 
t he  a i r  duc t ,  as shown i n  f i g u r e  1. I n  prel iminary t es t s ,  no porous d i sks  were 
i n s t a l l e d  i n  t h e  f u e l  and a i r  duc t s ,  and it w a s  not  poss ib l e  t o  s u s t a i n  a flame 
af te r  i g n i t i o n  at pressures  approaching 50 a t m .  A+, t h e s e  p re s su res ,  with t h e  
hot-wire i g n i t e r  l oca t ed  near  t h e  f u e l  duct e x i t ,  t h e  flame appeared and d i s ­
appeared i n  a cyc l i c  manner - on f o r  a f r a c t i o n  of a second, o f f  f o r  more than  
a second. However, wi th  porous d i sks  i n s t a l l e d  i n  both t h e  f u e l  and a i r  duc t s ,  
a flame, once i g n i t e d ,  w a s  s e l f - sus t a in ing .  Other t es t s  wi th  a porous d i s k  
only i n  t h e  f u e l  duct w e r e  p a r t i a l l y  success fu l  - combustion w a s  sometimes 
c y c l i c ,  o the r  t imes continuous.  Consequently, a l l  subsequent tes ts  employed 
porous d isks  i n  both t h e  f u e l  and a i r  duc ts .  

I n  e a r l y  t e s t s  a t  pressures  above 40 a t m ,  a band of t i n y  condensate drop­
le t s  formed on t h e  i n s i d e  of t he  chimney, extending from about halfway up t h e  
flame t o  t h e  t o p  of t h e  chimney. This w a s  probably due t o  the  cool ing e f f e c t  
of t h e  n i t rogen  p res su r i z ing  gas sweeping pas t  the  s i d e  of t h e  chimney. This 
problem w a s  considerably reduced by surrounding the  chimney w i t h  a l a r g e r  square 
quar tz  chimney. A s  a r e s u l t ,  only a very t h i n  band of condensate formed i n s i d e  
t h e  chimney above t h e  flame, and t h i s  soon reached a s teady-s ta te  amount. 

Sample-Handling System 

When methane i s  burned wi th  a i r ,  t h e  primary combustion products are 
carbon dioxide and water vapor,  although s m a l l  q u a n t i t i e s  of carbon monoxide 
and NOX are a l s o  formed. To make s t u d i e s  of p o l l u t i o n  formation i n  t h e  flames, 
a sampling system w a s  devised which c o l l e c t s  t h e  t o t a l  combustion products 
given o f f  by t h e  flame and t r a n s p o r t s  them t o  t h e  gas ana lyzers .  A desc r ip t ion  
of t h e  gas analyzers  i s  given i n  a subsequent s ec t ion .  

A schematic diagram of the  sample c o l l e c t i o n  system i s  shown i n  f i g u r e  3. 
The hot  combustion products  from t h e  flame e x i t  from t h e  t o p  of t h e  quar tz  
chimney and are swept upward i n t o  an e l e c t r i c a l l y  heated total-sample c o l l e c t o r  
by the  n i t rogen  p res su r i z ing  gas .  The d i l u t e d  combustion gases cont inue t o  
flow upward through an e l e c t r i c a l l y  heated tube ,  a hot-air-heated 5-vm p a r t i c l e  
f i l t e r ,  and a hot-air-heated back-pressure r egu la to r .  The f i l t e r  and r egu la to r  
are loca ted  outs ide  t h e  pressure  chamber. A t  t h e  e x i t  of t h e  back-pressure 
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r egu la to r ,  t h e  t o t a l  gas sample i s  vented t o  unheated sample t r a n s f e r  l i n e s  at 
atmospheric pressure  and thence t o  t h e  gas  ana lyzers .  All sur faces  contacted 
by t h e  t o t a l  gas sample, from t h e  chimney e x i t  t o  t h e  gas ana lyzers ,  are of 
s t a i n l e s s  s t e e l .  

The purpose of t h e  n i t rogen  d i l u t i o n  gas i s  twofold: (1)it serves  as 
t h e  p re s su r i z ing  gas i n  t h e  combustion chamber, and ( 2 )  it reduces t h e  p a r t i a l  
p ressure  of w a t e r  vapor i n  t h e  t o t a l  sample and hence lowers t h e  s a t u r a t i o n  
temperature of t h e  water vapor i n  t h a t  sample. This makes it poss ib l e  t o  main­
t a i n  a l l  t h e  w a t e r  produced during combustion i n  t h e  vapor s t a t e  by hea t ing  t h e  
sample t r a n s f e r  l i n e s  t o  only 393 K ,  even f o r  t h e  h ighes t  p ressure  of  50 a t m .  
For t h e  sample t r a n s f e r  l i n e s  downstream of t h e  back-pressure r e g u l a t o r  where 
t h e  sample i s  a t  1 a t m ,  no hea t ing  i s  necessary.  (See appendix B . )  

I g n i t i o n  System 

I g n i t i o n  i s  accomplished by means of an e l e c t r i c a l  res is tance-heated 
hot-wire i g n i t e r .  T h i s  i g n i t e r ,  shown i n  f i g u r e  4, i s  r e t r a c t a b l e  through a 
Chevron packing gland a t  t h e  t o p  of t h e  sample t r a n s f e r  l i n e  i n  t h e  chamber 
( s e e  f i g .  3 ) .  During opera t ion ,  t h e  i g n i t e r  i s  pos i t ioned  10  t o  20 mm above 
t h e  burner ,  and e l e c t r i c  power i s  appl ied  u n t i l  i g n i t i o n  i s  a t t a i n e d .  Power t o  
t h e  i g n i t e r  i s  then  shut  o f f  and t h e  i g n i t e r  r e t r a c t e d  t o  t h e  t o p  of t h e  sample 
t r a n s f e r  l i n e  where it i s  completely out  of the  sample flow. 

Flow and Pressure Control System 

A schematic diagram of t h e  flow and pressure  con t ro l  system i s  shown i n  
f i g u r e  5 .  G a s  flows a r e  con t ro l l ed  w i t h  micrometer needle valves .  The upstream 
pressure  of t h e s e  valves  i s  con t ro l l ed  by dome-loaded r egu la to r s  and t h e  down­
stream pressure  o r  chamber pressure  i s  con t ro l l ed  by a dome-loaded back-pressure 
r egu la to r .  The con t ro l  pressures  f o r  t h e  t h r e e  dome-loaded r egu la to r s  and f o r  
t h e  back-pressure r egu la to r  are provided by two sepa ra t e  spring-loaded regula­
t o r s .  Since t h e  spring-loaded r egu la to r s  tend  t o  d r i f t ,  block valves  a r e  used 
t o  lock i n  t h e  s e t  p ressures .  A gas r e s e r v o i r  w a s  i n s t a l l e d  i n  each locked-in 
system t o  minimize t h e  e f f e c t  of l eaks  and changes i n  ambient temperature.  

Pressure i n  t h e  pressure  chamber i s  measured by two sepa ra t e  Bourdon tube  
gages. Low pressures  from 1t o  8 a t m  a r e  measured w i t h  a gage having a pressure  
range from 0 t o  1.03 MPa (150 p s i a )  and an accuracy of 0.066 percent  of f u l l  
s c a l e .  High pressures  from 8 t o  50 a t m  are measured with a gage having a pres­
su re  range from 0 t o  6.89 MPa (1000 p s i g )  and an accuracy of 0.1 percent  of f u l l  
s c a l e .  Flow rates of  methane, a i r ,  and n i t rogen  are measured wi th  l i n e a r  ther ­
m a l  m a s s  flowmeters having an accuracy of  1percent  of f u l l  s c a l e .  Meter ranges 
were: 0 t o  152 sccm f o r  methane, 0 t o  3000 sccm f o r  a i r ,  and 0 t o  50000 sccm 
f o r  n i t rogen .  The methane and a i r  flowmeters were c a l i b r a t e d  wi th  a soap-film 
meter whose c a l i b r a t i o n  i s  t r a c e a b l e  t o  t h e  Nat ional  Bureau of Standards.  D u r ­
i ng  c a l i b r a t i o n ,  appropr ia te  co r rec t ions  were made f o r  barometric pressure  and 
ambient temperature.  Ca l ib ra t ions  w e r e  made a t  1, 25, and 50 a t m ,  t h e  meters 
being zeroed at each p res su re  p r i o r  t o  c a l i b r a t i o n .  
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Sight  G l a s s  Windows 

Sa fe ty  s i g h t  g l a s s  windows of 66.7-mm viewing diameter are l o c a t e d  on 
oppos i t e  s i d e s  of t h e  p re s su re  chamber and are made t o  withstand a p res su re  of 
50 a t m .  The burner  and chimney can be viewed through t h e s e  windows. Each 
flange-mounted s i g h t  g l a s s  c o n s i s t s  o f  two 25-mm-thick qua r t z  p l a t e s  laminated 
with a shee t  of Teflon (FEP), type A, nominally 0.0381 mm t h i c k ,  compressed 
between the  p l a t e s  t o  a th i ckness  of 0.0127 mm. 

Color photographs of  t h e  flame w e r e  t aken  through these windows w i t h  a 
35-mm single- lens  r e f l e x  camera f i t t e d  w i t h  a 200 mm/f2.8 r e f l e c t i v e  l e n s  and 
with co lo r  negat ive f i l m .  Proper exposure of t h e  flame at  each p res su re  w a s  
determined by t r i a l  and e r r o r .  

Operation 

The high-pressure flame system i s  operated by s e t t i n g  t h e  d e s i r e d  flows 
and p res su re  i n  t h e  p re s su re  chamber and i g n i t i n g  t h e  flame. The p res su re  
upstream of  the  micrometer needle flow c o n t r o l  va lves  i s  f i r s t  set  a t  a s u i t ­
ab le  p re s su re  above t h e  d e s i r e d  ambient p re s su re  i n  t h e  chamber and t h e  flow-
meters are zeroed. Then t h e  d e s i r e d  chamber p r e s s u r e  i s  se t  with t h e  back-
p res su re  r e g u l a t o r  and t h e  chamber i s  p res su r i zed  with n i t rogen  (99.995 percent  
p u r e ) .  When the  d e s i r e d  chamber p re s su re  i s  reached, f u e l ,  a i r ,  and n i t rogen  
flows are ad jus t ed  t o  t h e i r  t a r g e t  va lues :  41.8 sccm f o r  methane, 2450 sccm 
f o r  a i r ,  and about 6000 sccm f o r  n i t rogen .  (The n i t rogen  flow rate of 6000 sccm 
i s  high enough t o  prevent condensation i n  t he  sample t r a n s f e r  l i n e s  bu t  not so  
high as t o  d i l u t e  excessively t h e  combustion gases t o  be  analyzed. No flame 
i n s t a b i l i t y  w a s  c r ea t ed  by t h e  n i t rogen  f low. )  The e l e c t r i c a l  h e a t e r s  f o r  t h e  
sample t r a n s f e r  l i n e s  are energized,  and a f t e r  t h e  sample l i n e s  reach the 
d e s i r e d  temperature,  t h e  i g n i t e r  rod i s  lowered t o  a po in t  c l o s e  t o  t h e  bu rne r ,  
t h e  flame i s  i g n i t e d ,  and t h e  i g n i t e r  rod i s  withdrawn from t h e  stream of com­
bus t ion  products.  

CHEMICAL ANALYSIS 


All chemical analyses  a r e  made on t h e  t o t a l  gas mixture e x i t i n g  from t h e  
high-pressure chamber: combustion products ,  excess a i r ,  and p r e s s u r i z i n g  
n i t rogen .  This o v e r a l l ,  o r  t o t a l ,  gas a n a l y s i s  approach w a s  s e l e c t e d  i n s t e a d  
of  a d e t a i l e d  p r o f i l e  a n a l y s i s  approach f o r  s e v e r a l  reasons.  F i r s t ,  l o c a l  com­
p o s i t i o n  measurements by probe sampling would have presented severe experimental 
d i f f i c u l t i e s  s i n c e  t h e  sample probe and i t s  a s soc ia t ed  manipulating mechanism 
must be l o c a t e d  e n t i r e l y  wi th in  the  enclosed high-pressure chamber and ac tua ted  
remotely. Secondly, r e a c t i o n  zones t y p i c a l l y  become t h i n n e r  as p res su re  i s  
inc reased ,  so  t h a t  t h e r e  w a s  some quest ion as t o  whether s a t i s f a c t o r y  s p a t i a l l y  
resolved measurements could be obtained i n  any event.  F i n a l l y ,  f o r  t h e s e  
s t u d i e s ,  it w a s  be l i eved  t o  be adequate t o  measure t h e  average p o l l u t a n t  con­
c e n t r a t i o n  generated by t h e  flame as opposed t o  measuring d e t a i l e d  concentra­
t i o n  p r o f i l e s  throughout t h e  flame. 
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In early checkout tests with the high-pressure system, all products were 

analyzed by gas chromatography with the exception of NOX, which is not amenable 

to gas chromatographic determination at the low concentrations encountered. 

The analysis for NOX was performed with a commercial chemiluminescent NO-NOX 

analyzer having a lower limit of detectability of about 0.3 ppb. Chemical 

analyses from these checkout tests for overventilated flames (the proposed 

normal operating condition) showed CO to be below the limit of detectability 

(about 100 ppm) and the total concentration of hydrocarbons was typically about 

6 ppm, indicating that combustion was virtually complete to C02 and H20. When 

the system was operated at near-stoichiometric flow rates of CH4 and air, the 

expected tall smoky flame was encountered. This condition was avoided so as 

not to deposit soot within the chamber or sample lines. However, several tests 

were intentionally made on underventilated flames. These showed substantial 

quantities of CO as well as COP, and also substantial quantities of unburned 

fuel along with four additional hydrocarbons detected by flame ionization. 

These hydrocarbons were tentatively identified as acetylene, ethylene, ethane, 

and methanol; however, no attempts were made to make a more positive identifi­

cation because underventilated flames were not of concern in this study, and in 

any case, are customarily avoided in most practical combustion systems. 


Since these early tests showed that for the proposed normal overventilated 
operating condition, virtually all the fuel carbon appeared as C02, consider­
able simplification of the analytical system could be made by substituting a 
continuous infrared C02 monitor for the gas chromatograph. Analysis by infra­
red absorption is not only easier than gas chromatography,.but also a continu­
ous record is obtained. The concentration of C02 is of particular interest 

because it provides a means of determining the extent of nitrogen dilution in 
the pressure chamber independent of measurements of the separate fuel, air, and 
nitrogen flow rates (these measurements are inherently less accurate). For all 
subsequent experimental tests, the concentration of C02 was determined with a 
(commercial) infrared analyzer having a repeatability of +1percent. 

For the measurement of NO and NOX concentrations, a (commercial) chemi­
luminescent NO-NOX analyzer was employed. Corrections for quenching by COP 
and H20 in the sample were made according to the factors reported by Maahs 
(ref. 3 ) .  Because of substantial dilution of the combustion products by the 

pressurizing N2, these corrections were fairly small, about 2.5 percent. Con­
version efficiency of NO2 to NO in the NOX catalytic converter (employing a 
stainless steel coil) was measured frequently and was typically above 98 per­
cent. Appropriate corrections were made for the actual conversion efficiency 
and are reflected in the total NOX concentrations. 

A schematic diagram of the final gas analysis system is shown in figure 6. 

The bypass flow around the chemiluminescent analyzer was a convenient means of 

providing adequate sample flow to the analyzer while at the same time insuring 

the sample pressure to the analyzer to be 1 atm. This precaution was taken 

since the chemiluminescent analyzer is mildly sensitive to sample pressure. 

The flowmeter at the exit of the infrared COP analyzer was installed to monitor 

the flow rate through the infrared cell, which in effect, is an extremely sen­

sitive way to monitor cell pressure. By maintaining this flow rate constant, 

constant cell pressure is insured. The other vents and bypass flow lines were 


11 




installed as a convenient means of insuring that switching between sample and 

calibration gases did not disrupt flows in the overall analytical system. 


Details of the gas chromatographic system employed in the early checkout 
tests are given in appendix C. Although sample analyses by gas chromatography 
were made only in these early tests, the column arrangement and operating con­
ditions might be of some interest to the reader since this gas chromatographic 
system proved to be not only convenient to use but also permitted an analysis 
for water and at the same time completely avoided the need for backflushing any 
of the columns. 

FLAME TEMPERATURE MEASUREMENT 


The measurement of flame temperature is by far the most difficult, most 

uncertain, and least satisfactory of any of the measurements made. Measurement 

of temperature in a flame is inherently difficult, but the poor physical acces­

sibility of the present flame for probing with thermocouples is the main problem. 

Consequently, optical methods had to be used. Sodium line reversal was ruled 

out for several reasons. Not only is the technique complicated,but also, no 

convenient way could be devised to introduce the sodium into the flame without 

encountering flameout and/or sodium deposition throughout the chamber and 

sample lines. Furthermore, it was felt best to avoid the introduction of for­

eign materials (i.e., sodium) if at all possible so as not to perturb the NOX 

formation rates. Refractive index methods such as those described by Weinberg 

(ref. 4) were tried, but distortions caused by the double chimneys and the 

5.0-cm-thick quartz windows were too great to permit meaningful analysis. 


Considerable effort was expended in attempting to apply the self-absorption 
method described by Kuhn and Tankin (ref. 5 ) ,  but without success. In this 
method, optical techniques are used for determining the absorption coefficients 
of the carbon particles naturally occurring in the flame. Kuhn and Tankin 
demonstrated the feasibility of the method for a large (12.5 cm high) luminous 
propane-air diffusion flame issuing from a 2.5-cm-diameter burner. But for the 
present, less luminous, much smaller methane flame (about 10 mm high, issuing 
from a 3.06-mm-diameter burner), the necessary sensitivity could not be obtained 
to get a reasonable estimate of the carbon-particle absorption coefficients. 
Another closely related method also attempted is that of Kurlbaum as described 
by Ribaud, Laure, and Gaudry (ref. 6). It was not successful either, largely 
for the same reasons. 

Only the exceedingly tedious method of OH absorption offered any hope of 
being able to measure accurately local flame temperatures, and even this method 
is somewhat uncertain because of the small thickness of the combustion zone in 
the flame and the consequent high resolution required of an optical system. 
Therefore, it was decided that a measurement of a spatial average temperature 
near the hottest point in the flame was the best that was reasonably possible. 
For this measurement, the method of two-color pyrometry was employed with the 
naturally occurring carbon in the flame as the radiant emitter. In applying 
this method, it is assumed that the spectral emissivity of the carbon par­
ticles E X  can be expressed in the form 
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where 

where k i s  an a r b i t r a r y  cons tan t ,  L i s  t h e  pa th  l eng th ,  X is  t h e  wave­
length ,  and a i s  t h e  d ispers ion  exponent. Since t h e  exponent i n  t h e  exponen­
t i a l  term i s  t y p i c a l l y  much smaller  t han  u n i t y  f o r  most f lames,  t h e  exponent ia l  
term w a s  approximated by t h e  f irst  two terms i n  a Taylor s e r i e s  expansion, giving 
EX 2 kL/Xa. Then, by using Planck 's  black-body l a w  and t h e  d e f i n i t i o n  of emis­
s i v i t y ,  and by making br ightness  temperature measurements TbYX1 and Tb,X2 
a t  two wavelengths X1 and X2, k can be e l imina ted  and t h e  flame tempera­
t u r e  Tf can be expressed by 

where c2 i s  t h e  second Planck cons t an t ,  1.438833 cm-K. The only nonmeasured 
parameter requi red  t o  c a l c u l a t e  flame temperature from t h i s  equat ion i s  t h e  
d i spe r s ion  exponent a, t aken  f o r  t h e  present  methane-air flames t o  be 1 . 4 .  
McAdams ( r e f .  7 )  recommends an average value f o r  a of 1.39 f o r  a l l  hydro­
carbon flames, while d 'Aless io  and coworkers ( r e f .  8 )  r e p o r t  a value of 1 . 4  f o r  
methane-oxygen flames. However, Tf i s  a c t u a l l y  r e l a t i v e l y  i n s e n s i t i v e  t o  t h e  
p r e c i s e  va lue  s e l e c t e d  for a. AII e r r o r  a n a l y s i s  of equat ion ( 3 )  using reason­
a b l e  values  f o r  Xi and Tb,Xi i n d i c a t e s  t h a t  a 30-percent unce r t a in ty  i n  a 
produces only about a 3-percent unce r t a in ty  i n  T f .  

Brightness  temperature measurements were made wi th  two disappearing-
f i lament  o p t i c a l  pyrometers f i t t e d  with i n t e r f e r e n c e  f i l t e r s  at d i f f e r e n t  wave­
l eng ths ,  nominally 5000 E and 6500 i.Since t h e  wavelengths of t h e s e  f i l t e r s  
a r e  known wi th  g rea t  accuracyY2t h e  l a r g e s t  e r r o r  i n  t h e  flame temperatures 
ca l cu la t ed  by equat ion ( 3 )  i s  due t o  experimental  e r r o r s  i n  measuring Tb,Ai. 
To minimize t h e s e  e r r o r s ,  as we l l  as t h e  e r r o r  propagation i n  equat ion ( 3 )  
caused by t h e  wavelengths being t o o  c l o s e  t o g e t h e r ,  i n i t i a l  tests were made 
with t h e  pyrometers s i g h t i n g  on a flame through a number of d i f f e r e n t  o p t i c a l  

.­

2The 5000-E f i l t e r  has  a c e n t r a l  wavelength of 5002 A,  63-percent t r a n s ­
mission,  and 83-1 bandwidth a t  ha l f -he ight .  The 6500-A f i l t e r  has  a c e n t r a l  
wavelength of 6508 1,60-percent t ransmiss ion ,  and 90-8, bandwidth a t  ha l f -
he igh t .  
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f i l t e r s  a t  wavelengths ranging from 4000 1 t o  7000 i. Ult imate ly ,  5000-1 and 
6500-1 f i l t e rs  w e r e  s e l e c t e d  as t h e  b e s t  compromise between wavelength separa­
t i o n  and eye s e n s i t i v i t y .  Both pyrometers w e r e  c a l i b r a t e d  f o r  br ightness  t e m ­
pe ra tu re  as follows: The t rue temperature of a temperature-control led black­
body c a v i t y  w a s  e s t ab l i shed  by a s tandard o p t i c a l  pyrometer c a l i b r a t e d  by t h e  
National Bureau of Standards.  The pyrometers t o  be c a l i b r a t e d  w e r e  t hen  
s igh ted  on t h e  black body through t h e  same laminated quar tz  s i g h t  g l a s s  window 
as w a s  used i n  t h e  chamber and through two th icknesses  of quar tz  g l a s s  repre­
sen t ing  t h e  w a l l s  of t h e  two quar tz  chimneys surrounding t h e  burner .  Readings 
w e r e  made on t h e  s tandard and t e s t  pyrometers over a s u i t a b l e  temperature range 
For making a c t u a l  experimental  measurements, t h e  pyrometers w e r e  a t tached  t o  
ad jus t ab le  mounts having both v e r t i c a l  and ho r i zon ta l  motion c a p a b i l i t y  and 
w e r e  s igh ted  through t h e  windows i n  t h e  p re s su re  chamber on t h e  flame a t  t h e  
p o s i t i o n  of i n t e r e s t .  Typica l ly ,  t h i s  p o s i t i o n  w a s  j u s t  below t h e  t i p  of t h e  
flame i n  t h e  region of  t h e  most i n t ense  r a d i a t i o n .  The experimental  pyrometer 
readings w e r e  then  converted t o  s tandard black-body br ightness  temperatures by 
t h e  c a l i b r a t i o n  curves,  and flame temperature w a s  ca l cu la t ed  from equation ( 3 ) .  

During t h e  course of t h e  experiments, t h e  pyrometer system w a s  improved 
by incorpora t ing  both f i l t e r s  i n t o  a s i n g l e  pyrometer with provis ions  f o r  
switching between t h e  two f i l t e r s .  I n  t h i s  way, poss ib l e  u n c e r t a i n t i e s  i n  
pos i t i on ing  two ind iv idua l  pyrometers when viewing t h e  flame were e f f e c t i v e l y  
el iminated.  

RESULTS AND DISCUSSION 

The high-pressure flame system w a s  success fu l ly  operated over t h e  pressure  
range from 1t o  50 a t m .  All t e s t s  were made with methane as t h e  f u e l  and a i r  
as t h e  oxid izer .  Resul t s  from t h e s e  prel iminary tes t s  revealed a number of 
i n t e r e s t i n g  and sometimes unexpected phenomena regarding flame shape, carbon 
formation, smoke emission, flame s t a b i l i t y ,  e x t i n c t i o n  l i m i t s ,  NOX emission 
l e v e l s ,  and flame temperature.  These phenomena are discussed i n  t h e  following 
sec t ions .  

Flame Shape and Carbon Formation 

A very marked change occurred i n  t h e  shape and s t r u c t u r e  of t h e  methane-
a i r  d i f f u s i o n  flame as pressure  w a s  increased  from 1 t o  50 a t m ,  as i l l u s t r a t e d  
i n  t h e  co lor  photographs i n  f i g u r e  7 .  A l l  photographs were taken at the same 
flow rate of methane (41.8 sccm) and a i r  (2450 sccm), and are shown at  an 
enlargement of about 4.6 t o  1. The bottom edge of each photograph i n  f i g u r e  7 
i s  coincident  with t h e  t o p  edge of t h e  burner ,  and the  l a t e r a l  p o s i t i o n  of t h e  
burner i s  shown below each photograph. A t  1 a t m ,  t h e  s i d e s  of t h e  flame bow 
outward from t h e  inner  f u e l  core  i n t o  t h e  surrounding a i r  annulus,  with t h e  
r e s u l t  t h a t  t h e  diameter of t h e  flame i s  considerably l a r g e r  than  t h e  diam­
e te r  of t h e  f u e l  tube.  The b lue  zone i n  t h e  photographs i s  l i k e l y  due t o  02 
Schumann-Runge r a d i a t i o n  and CO + 0 continuum r a d i a t i o n  ( s e e  Gaydon and Wolfhard 
( r e f .  9 ) ) ,  and t h e  b r i g h t e r  blue-green o r  green zones on t h e  s ides  and near  t h e  
base of t h e  flame are l i k e l y  due t o  C 2  and CH r a d i a t i o n  ( r e f .  9 ) .  A zone of 
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weak carbon-part ic le  luminosi ty  i s  evidenced by t h e  off-white zone i n  t h e  
upper po r t ion  of t h e  flame. A s  p re s su re  w a s  increased  above 1 a t m ,  t h e  out­
ward bowing of t h e  s ides  of t h e  flame con t inua l ly  decreased. The most nota­
b l e  change i n  shape occurred below about 5 a t m .  A t  about 10  a t m  t h e  flame 
exhib i ted  a s l i g h t  concavi ty  and t h e  diameter decreased considerably.  Also, 
t h e  zones of molecular r a d i a t i o n  became narrower and d id  not extend as high;  
t h e  carbon zone became yellower and much b r i g h t e r .  A f u r t h e r  decrease i n  flame 
diameter continued as pressure  w a s  increased  above 1 0  a t m ;  however, most of t h e  
change i n  shape and s t r u c t u r e  occurred when 20 a t m  w a s  reached. A t  h igher  pres­
su res  up t o  50 a t m ,  only minor changes occurred. It s e e m s  l i k e l y  t h a t  a change 
i n  r e a c t i o n  mechanism with increas ing  p res su re ,  as evidenced by t h e  presence of 
increas ing  amounts of carbon (a  r e a c t i o n  in te rmedia te )  i n  t h e  flame, i s  l a r g e l y  
respons ib le  f o r  t h e  pronounced change i n  shape of t h e  flame. Because of t h e i r  
r e l a t i v e l y  high m a s s ,  s o l i d  carbon p a r t i c l e s ,  once formed, do not  d i f f u s e  out­
ward from t h e  gaseous f u e l  core  as does t h e  gaseous f u e l  i t s e l f ,  and combustion 
must proceed by v i r t u e  of t h e  f a c t  t h a t  oxygen d i f f u s e s  inward t o  t h e  carbon 
zone. Hence, t h e  flame assumes i t s  c o n s t r i c t e d  appearance. 

I n t e r e s t i n g l y ,  t h e  he ight  of t h e  flame d i d  not change d r a s t i c a l l y ,  a t  
least up t o  about 30 a t m ,  al though a r a t h e r  marked change occurred i n  t h e  shape 
of t h e  flame wi th  pressure .  A p l o t  of flame he ight  as a func t ion  of p re s su re  
i s  shown i n  f i g u r e  8,  where t h e  flame he igh t s  w e r e  determined from t h e  co lor  
photographs i n  f i g u r e  7.  The height  t o  t h e  t i p  of t h e  observable b lue  r eac t ion  
zone and t h e  he ight  t o  t h e  t i p  of t h e  luminous carbon zone are sepa ra t e ly  ind i ­
ca ted  f o r  pressures  a t  which they  d i f f e r .  On t h e  b a s i s  of t h e  p o s i t i o n  of t h e  
luminous t i p ,  t h e r e  i s  roughly a 25-percent increase  i n  t h e  flame height  between 
1 and 1 0  a t m ,  and on t h e  b a s i s  of o v e r a l l  he igh t ,  a decrease of about 10 per­
cent .  Above 10  a t m ,  t h e  flame he ight  decreases  slowly up t o  about 30 a t m ;  then  
it drops more s t e e p l y  t o  i t s  lowest va lue  a t  50 a t m .  With t h e  exception of 
50-atm flames, t h e  flame height  w a s  t y p i c a l l y  10  mm. 

These flame height  d a t a  i n  f i g u r e  8 c o n f l i c t  with t h e o r e t i c a l  p red ic t ions  
t h a t  t h e  he ight  of a confined laminar d i f f u s i o n  flame should be independent of 
pressure  a t  constant  m a s s  flow both f o r  equal  f u e l  and air  v e l o c i t i e s  (see 
refs .  1 and 10)  and f o r  unequal f u e l  and a i r  v e l o c i t i e s  (see refs. 11 and 1 2 ) .  
Experimental v e r i f i c a t i o n  of t h e s e  t h e o r e t i c a l  p red ic t ions  has been previous ly  
demonstrated only a t  very low pressures  from 0.06 a t m  t o  1 . 5  a t m .  I n  c o n t r a s t ,  
Parker and Wolfhard ( r e f .  13)  experimental ly  showed f o r  ace ty lene  t h a t  inde­
pendence of flame he ight  with p re s su re  a t  constant  m a s s  flow i s  t r u e  only f o r  
very s m a l l  f l a m e s ;  f o r  l a r g e r  flames t h e  he ight  i s  independent of p re s su re  only 
i n  those  s i t u a t i o n s  where d i f fus ion  i s  not t h e  s o l e  r a t e - l imi t ing  process .  
Larger flames w e r e  s t a t e d  t o  increase  i n  he ight  as pressure  inc reases ,  par t icu­
l a r l y  when carbon i s  formed i n  t h e  flame. Di f f e r ing  somewhat from t h e s e  obser­
va t ions  i n  re ference  13 are t h e  t h e o r e t i c a l  p red ic t ions  of Powell ( r e f .  14) f o r  
a "sandwich burner," which cons is ted  of a row of a l t e r n a t i n g  fue l  and a i r  s l o t s .  
For constant  m a s s  flow and f o r  pressures  a t  which d i f f u s i o n  i s  c o n t r o l l i n g ,  
Powell p r e d i c t s  flame he ight  t o  be independent of pressure ;  but  a t  very low 
pressures  a t  which r e a c t i o n  rate i s  c o n t r o l l i n g ,  he p r e d i c t s  flame he ight  t o  
vary inve r se ly  wi th  pressure .  None of t h e s e  p red ic t ions  adequately descr ibe  
t h e  observed change i n  flame he ight  of t h e  p re sen t  methane-air flame over t h e  
e n t i r e  pressure  range from 1 t o  50 a t m .  But none of t h e  t h e o r e t i c a l  p red ic t ions  



account for carbon formation in the flame either, and it is believed that this 

increasing amount of carbon formed with increasing pressure is largely respon­

sible for the experimental disagreement with theoretical predictions. 


In addition to their prediction of the independence of flame height with 

pressure, Burke and Schumann (ref. 1) similarly predict that the shape of the 

flame should be independent of pressure. This is obviously not indicated by 

the present high-pressure results, nor even by low-pressure results. (See 

refs. 11,12, and 13.) However, an accurate prediction of flame shape may be 

too much to expect from the admittedly simple theory of Burke and Schumann 

which employs many assumptions including those of constant properties (imply­

ing, among other things, no buoyancy forces), infinite reaction rate, and no 

carbon formation; that the theory predicts flame heights as well as it does for 

small changes in pressure is indeed remarkable. 


The observed increase in carbon formation with increasing pressure in 
a diffusion flame is a well-known phenomenon. (See the literature review of 
McArragher and Tan (ref. 151.1 At 1 atm, very little carbon is formed as indi­
cated by the very low carbon luminosity of the flame. (See fig. 7.) As pres­
sure increases, the amount of carbon formed increases considerably to produce a 
brilliant incandescent flame. The brightness of these higher pressure flames 
cannot be appreciated from the photographs in figure 7, since camera exposure 
time had to be reduced considerably from 3 sec at 1 atm to 0.0005 sec at 50 atm 
so as not to overexpose the film. Some idea of this increase in luminosityocan 
be seen from figure 9 where measurements of brightness temperature at 6500 A 
made in $he tip of the flame have been converted to monochromatic emissive power 
at 6500 A by Planck's law and are plotted against pressure. The fuel and air 
flow rates were maintained at the low constant levels mentioned previously to 
avoid unoxidized carbon (or soot) from being liberated from the flame as smoke 
at any of the test pressures from 1 to 50 atm. 

Figure 7 shows that carbon formation (as evidenced by the white or yellow 

luminous zone) occurs mainly in the tip of the flame at low pressures, and as 

pressure is increased, the carbon zone moves downward to fill an increasingly 

larger portion of the flame. A rough estimate of the actual mass concentra­

tion c of carbon in the tip of the flame can be obtained from experimental 

data on brightness temperature and a knowledge of the flame temperature itself 

(presented subsequently in this report). Details of the calculation are given 

in appendix D. The mass concentration of carbon in the flame is shown in fig­

ure 10 as a function of pressure. Carbon concentration increases roughly 

3 orders of magnitude from 2.5 atm to 20 atm, and above that, not much further 

increase occurs. In appendix D, the relationship between the number density of 

carbon particles NC and the mass concentration c is also derived. If rea­

sonable values of average particle diameter dc are assumed to be on the order 

of 50 to 100 (5 nm to 10 nm) (see Narasimhan and Foster (ref. 16)) , then 
curves of particle number density as a function of pressure can be constructed, 
as shown in figure 11. To obtain a rough estimate of particle number density

0

for a 1-atm flame, the particle number density curve for 50-A-diameter particles 

in figure 11 was extrapolated from 2.5 atm down to 1 atm to what appears to be 

a reasonable, though admittedly arbitrary, value of 108 particles/cm3. Fig­

ure 11 illustrates that by far most of the increase in carbon-particle number 
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dens i ty  occurs between 1 and 5 a t m ,  which i s  i n  agreement with what would be 
surmised i n t u i t i v e l y  from t h e  photographs i n  figure 7.  Above 5 a t m ,  t h e r e  i s  
more than  an order  of magnitude inc rease  i n  p a r t i c l e  number dens i ty  up t o  about 
20 a t m ,  above which t h e  number dens i ty  changes r e l a t i v e l y  l i t t l e  on up t o  a 
pressure  of 50 a t m .  This  phenomenon of i nc reas ing  carbon concentrat ion wi th  
increas ing  pressure  i s  of p a r t i c u l a r  concern because it c l e a r l y  i n d i c a t e s  t h a t  
t h e  mechanism of hydrocarbon oxida t ion  a t  high pressures  i n  d i f f u s i o n  flames i s  
markedly d i f f e r e n t  from t h a t  a t  low pressures .  Hence any mathematical descr ip­
t i o n  of t h e  d i f f u s i o n a l  combustion of methane (or any o the r  hydrocarbon, f o r  
t h a t  m a t t e r )  wi th  air  a t  pressures  even moderately above 1 a t m ,  must properly 
account f o r  t h e  formation and subsequent combustion of carbon p a r t i c l e s  i n  t h e  
flame. 

Smoke, S t a b i l i t y ,  and Ext inc t ion  Limits 

S imi la r  t o  carbon formation, smoke formation a l s o  increased  with increas ing  
pressure .  The terms "carbon" and "smoke" are used here  t o  d i s t i n g u i s h  between 
carbon p a r t i c l e s  w i th in  t h e  flame (as evidenced by flame luminos i ty)  and uncom­
busted carbon p a r t i c l e s  l i b e r a t e d  from t h e  flame. It w a s  poss ib le  a t  1 a t m  t o  
burn methane at a f a i r l y  high flow r a t e ,  producing a l a r g e  smokeless incandes­
cent  flame, bu t  a s m a l l  increase  i n  pressure  transformed t h i s  smokeless flame 
i n t o  a q u i t e  smoky one. Also, a t  higher  p re s su res ,  t h e  l i m i t s  of s t a b l e  combus­
t i o n  were considerably reduced. To  def ine  more c l e a r l y  t h e s e  regions of smoke 
and s t a b l e  combustion, a l imi t ed  s e r i e s  of t es t s  were made a t  1, 5 ,  20, and 
50 a t m  f o r  t h e  present  methane-air d i f f u s i o n  flame over a wide range of f u e l  and 
a i r  flow r a t e s .  The results are shown i n  f i g u r e  12. The main purpose of t h e s e  
t es t s  w a s  t o  determine regions of e x t i n c t i o n  and s t a b l e  combustion, with a 
secondary purpose of l o c a t i n g  luminous and nonluminous regions and smoke bound­
a r i e s .  The upper l i m i t s  of 152 sccm f o r  methane flow ra te  and 3000 sccm f o r  
a i r  flow r a t e  i n  f i g u r e  12 w e r e  d i c t a t e d  by t h e  upper l i m i t s  of t h e  flowmeters 
used. No attempt w a s  made i n  t h e s e  s t u d i e s  t o  produce an ex tens ive ly  d e t a i l e d  
map of flame shape and e x t i n c t i o n  such as t h a t  produced by B a r r  ( r e f .  2 )  f o r  a 
butane-air  flame; t h e  boundaries i nd ica t ed  i n  f i g u r e  12 are approximate only.  

A number of p e r t i n e n t  observat ions can be made from f i g u r e  1 2 .  Perhaps 
t h e  most s t r i k i n g  of t h e s e  i s  t h a t  t h e  l i m i t s  of combustion are considerably 
reduced as pressure  i s  increased;  i n  o the r  words, a t  higher  pressures  t h e  flow 
r a t e  ranges of methane and a i r  over which combustion can be maintained are much 
smaller than  those  a t  lower pressures .  It w a s  a l s o  noted t h a t  e x t i n c t i o n  of a 
flame burning a t  high pressures  w a s  o f t en  abrupt ,  whereas a t  lower pressures  
considerable  f l i c k e r i n g  and i n s t a b i l i t y  occurred i n  a flame burning near  i t s  
ex t inc t ion  l i m i t .  This i s  be l ieved  t o  be r e l a t e d  t o  t h e  f a c t  t h a t  r e a c t i o n  
rate increases  as t h e  pressure  inc reases ,  while  d i f fus ion  r a t e  remains rela­
t i v e l y  constant  with p re s su re ;  consequently,  t h e  r eac t ion  zone becomes th inne r .  
The higher  pressure  flames,  wi th  t h e i r  c h a r a c t e r i s t i c a l l y  t h i n  r eac t ion  zones, 
are apparent ly  more suscep t ib l e  t o  a sudden e x t i n c t i o n  by a s l i g h t  pe r tu rba t ion  
because t h e  r e a c t a n t s  cannot be t r anspor t ed  i n t o  t h e  t h i n  r e a c t i o n  zone fast 
enough t o  r e e s t a b l i s h  a flame which i s  burning under marginal condi t ions .  A t  
lower p re s su res ,  s l i g h t  pe r tu rba t ions  on t h e  f l a m e  tend t o  c r e a t e  only f l i c k e r ­
ing  and i n s t a b i l i t y  because t h e  t r a n s p o r t  of r e a c t a n t s  i s  s u f f i c i e n t l y  fast  
r e l a t i v e  t o  t h e  r e a c t i o n  r a t e  t o  b r ing  r e a c t a n t s  i n t o  proximity of  t h e  t h i c k e r  



reaction zone. Sufficient combustion is thus maintained somewhere within the 

zone, and the flame reignites itself throughout the reaction zone in bursts. 


Figure 12 also shows that the region of stable combustion is markedly 
reduced as pressure is increased. For the present purposes, stable combustion 
was taken to be indicated by a virtually motionless flame without any flicker­
ing, wavering, pulsating, or other transient phenomena. At 1 atm the flame is 
everywhere stable within the combustion boundaries shown, except at low fuel 
flow rates near the transition boundary between an overventilated and under-
ventilated flame. At 5 atm (fig. 12(b)) the region of stable combustion is 
already reduced considerably in size and occurs only at relatively small fuel 
flow rates. At 50 atm the stable region is very small indeed (fig. 12(d)), and 
regardless of flow rate, all flames at 50 atm were found to be luminous. Even 
at only 20 atm, a nonluminous flame could be produced only in a very limited 
region of low fuel and air flow rates. 

On the basis of figure 12, the fuel flow rate of 41.8 sccm and air flow 
rate of 2450 sccm used in the preliminary pollution studies in this report were 
selected as a reasonable compromise between a sufficiently large and yet rea­
sonably stable flame. However, in later studies at these flow rates, an anoma­
lous zone of instability was encountered in the pressure range from about 9 to 
16 atm. At these pressures, the flame tip pulsed or bounced vertically up and 
down but without any perceptible lateral motion. This bouncing of the flame 
tip is not believed to be caused by the controlling action of the back-pressure 
regulator because flame stability was reestablished at higher pressures; above 
15 atm, and particularly at about 20 atm, the flame was once again very stable, 
completely devoid of motion, and quite.majesticin its slender brilliant 
appearance. This region of stability persisted up to about 35 or 40 atm, above 
which a second type of instability sometimes occurred in the tip of the flame. 
This instability, which was more noticeable at 50 atm and is indicated in fig­
ure 12(d), consisted of the upper portion of the flame swaying slowly from side 
to side. This swaying motion was not large, perhaps less than 1 mm, and was 
unaccompanied by vertical motion. It is possible that this instability is 
hydrodynamic, as proposed by Powell and Browne (ref. 17). At such high pres­
sures, strong density gradients exist in the flame because of the very thin 
reaction zone and its accompanying steep concentration and temperature gradi­
ents. Such gradients were particularly obvious just above the flame, even with 
the unaided eye, from the strong refractive index gradients appearing about one 

full flame height above the flame. Since these steep density gradients, and 

their necessarily associated steep velocity gradients, undoubtedly occur within 

the flame as well, it is not unreasonable to suspect that these gradients may 

be responsible for the observed flame instability. 


Oxides of Nitrogen 


After sufficient experience had been gained in operating the high-pressure 

flame system, experimental tests were made over the entire pressure range from 

1 to 50 atm to determine the effect of pressure on the formation of NOX. All 

these tests were made with methane as the fuel and air as the oxidizer. A 




s i n g l e  flow condi t ion,  41.8 sccm f o r  f u e l  and 2450 sccm f o r  a i r y 3w a s  s tud ied  
f o r  t h e  reasons mentioned i n  t h e  previous sec t ion .  During t h e  t e s t s  t h e  s t a i n ­
less s teel  f i l t e r  ahead of  t h e  back-pressure r e g u l a t o r  w a s  removed p e r i o d i c a l l y  
and inspected f o r  soot  accumulation. None w a s  observed because t h e  experimental  
condi t ions w e r e  s e l e c t e d  so t h a t  v i r t u a l l y  no free s o o t ,  or smoke, w a s  l i b e r a t e d  
from t h e  flame during a t e s t .  I n  those  f e w  in s t ances  when t h e  flame w a s  inad­
v e r t e n t l y  i g n i t e d  at t o o  high a f u e l  flow ra te  and smoke w a s  generated,  t h e  t e s t  
w a s  aborted and t h e  f i l t e r  w a s  replaced.  For a l l  tes ts  t h e  f i l ters  employed 
had been precleaned u l t r a s o n i c a l l y  with freon and oven-dried f o r  2 days a t  
423 K t o  remove any t r a c e s  of  o i l  or contamination i n  t h e  f i l t e rs .  

Results of  t h e s e  experimental t es t s  are shown i n  f i g u r e  1 3  as molar e m i s ­
s i o n  index of N O x ,  I,, as a func t ion  of p re s su re .  The molar emission index 
of NOX i s  def ined as t h e  number of moles of NOX (combined t o t a l  concentrat ions 
of NO and N02) produced pe r  mole of f u e l  burned. Experimentally, it w a s  
obtained from t h e  r a t i o  of t h e  measured concentrat ions of NOX and C02 i n  t h e  
e f f l u e n t  from t h e  high-pressure chamber. The molar emission index i s  analogous 
t o  t h e  emission index I customarily used t o  r epor t  d a t a  on gas t u r b i n e  
engines.  The emission index i s  def ined as t h e  number of  grams of  NOX produced, 
as if a l l  were present  as N02, p e r  kilogram of f u e l  burned. According t o  t h e s e  
d e f i n i t i o n s ,  t h e n ,  t h e  emission index f o r  methane i s  2875 t i m e s  t h e  molar e m i s ­
s i o n  index. The d a t a  p o i n t s  shown i n  f i g u r e  13 f o r  any given p res su re  w e r e  
taken on sepa ra t e  days and i n d i c a t e  a remarkable degree of r e p r o d u c i b i l i t y .  
Figure 1 3  shows t h a t  t h e  molar emission index which i s  0.85 x 10-3 at 1 a t m  
inc reases  r a p i d l y  as p res su re  i s  increased with a m a x i m u m  value of  1 . 2 1  x 
being reached at about 9 a t m ;  above t h i s  p re s su re  t h e  molar emission index 
decreases slowly and continuously u n t i l  a t  50 a t m  it i s  back t o  roughly t h e  
same value t h a t  it w a s  a t  1 a t m .  P a r t i c u l a r l y  s i g n i f i c a n t  f o r  gas t u r b i n e  
engine a p p l i c a t i o n s  i s  t h a t  f o r  a l l  p re s su res  above 1 a t m  and approaching 
50 a t m ,  t h e  molar emission index i s  g r e a t e r  t han  a t  1 a t m .  Limited t e s t s  a t  a 
few s e l e c t e d  pressures  i n  which t h e  flow r a t e  of methane w a s  i n t e n t i o n a l l y  
va r i ed  showed l i t t l e  e f f e c t  on 1, over t h e  methane flow rate range from 
37.6 sccm t o  47.9 sccm. No attempts were made t o  t a k e  d a t a  a t  subatmospheric 
p re s su res .  

A molar emission index f o r  NO i s  not  r epor t ed  s i n c e  l i t t l e  could be l ea rned  
from such a quan t i ty ;  much of  t h e  NO formed i n  t h e  combustion process i s  oxi­
dized t o  NO2 i n  t h e  postflame gases and i n  t h e  sample l i n e s  l ead ing  t o  t h e  
chemiluminescent analyzer .  Because t o t a l  oxides of n i t rogen  are conserved bo th  
i n  sampling and i n  a n a l y s i s  by chemiluminescence i n  l e a n  flames ( r e f .  181, t h e  
reported concentrat ion of  NOX i s  an accu ra t e  i n d i c a t i o n  of t h e  sum of t h e  con­
c e n t r a t i o n s  of NO and NO2 formed during t h e  combustion process .  I n  any even t ,  
it i s  t h e  t o t a l  oxides of n i t rogen  which a r e  of i n t e r e s t ,  and it i s  t h e s e  t o t a l  
oxides which are r e f l e c t e d  by t h e  molar emission index f o r  NOX presented i n  
f i g u r e  13. 

L i t e r a t u r e  d a t a  on NOX emissions as a func t ion  of p re s su re  during combus­
t i o n  a r e  l i m i t e d ,  both i n  t h e  number of s t u d i e s  and i n  t h e  p re s su re  range cov­
ered.  Nevertheless,  several such s t u d i e s  w e r e  l o c a t e d ,  t h r e e  f o r  gas t u r b i n e  

. .  - .  -... - . - _._..- ­

3These flow rates y i e l d  a pseudoequivalence r a t i o  $ '  of 0.162. 



combustors, and one f o r  an opposed-jet burner .  It i s  important t o  recognize 
t h a t  although a l l  t h e s e  s t u d i e s  are f o r  d i f f u s i o n  flames, t h e y  are f o r  h igh ly  
t u r b u l e n t  systems with geometry, f u e l s ,  and i n l e t  condi t ions markedly d i f f e r e n t  
from those  i n  t h e  present  study. However, t h e  b a s i c  t r e n d  of t he  d a t a  from 
t h e s e  s t u d i e s  i s  of some i n t e r e s t  i n  comparison with t h e  present  r e s u l t s .  This 
comparison i s  shown i n  f i g u r e  1 4 .  Since t h r e e  of t h e s e  s t u d i e s  are f o r  gas t u r ­
b ines  o r  gas t u r b i n e  combustors w i t h  t h e  r e s u l t s  r epor t ed  as emission index ( I ) ,  
t h e  present  d a t a  were converted t o  emission index f o r  d i r e c t  comparison. The 
d a t a  f o r  t h e s e  gas t u r b i n e  combustor s t u d i e s  i n  f i g u r e  1 4  are p l o t t e d  aga ins t  
combustor i n l e t  air  p res su re  over t h e  a c t u a l  p re s su re  range of t h e  experimental 
data. These s t u d i e s  are (1)Diehl and Holdeman ( r e f .  1 9 )  f o r  ( l i q u i d )  Jet-A 
f u e l  i n  a JT8D-9 engine combustor system w i t h  constant  combustor i n l e t  a i r  t e m ­
pe ra tu re  of about 659 K ,  ( 2 )  Norgren and Ingebo ( r e f .  20)  f o r  (gaseous) propane 
f u e l  i n  a tes t  combustor w i t h  a constant  combustor i n l e t  a i r  temperature of 
589 K ,  and ( 3 )  Quigg ( r e f .  21) f o r  a t y p i c a l  l i q u i d  j e t  f u e l  i n  an experimental 
combustor w i t h  constant  i n l e t  a i r  temperature of about 530 K. The  a i r  tempera­
t u r e s  i n  t h e s e  t u r b i n e  s t u d i e s  w e r e  considerably above t h e  i n l e t  a i r  temperature 
f o r  t h e  present  methane d a t a ,  which w a s  only about 295 K.  From f i g u r e  1 4 ,  t h e  
t r e n d  o f  i nc reas ing  emission index w i t h  i nc reas ing  i n l e t  a i r  temperature i s  
apparent.  A l i n e  of s lope  1 / 2  has been drawn i n  f i g u r e  1 4  f o r  reference pur­
poses,  s i n c e  it i s  commonly assumed ( s e e ,  f o r  i n s t a n c e ,  r e f .  22) t h a t  t h e  
NOX emission index i n  gas t u r b i n e  combustors c o r r e l a t e s  as p1/2. 

The r e s u l t s  of Quigg ( r e f .  21) are p a r t i c u l a r l y  i n t e r e s t i n g  from two po in t s  
of view. F i r s t ,  t hey  are s i m i l a r  t o  t h e  p re sen t  methane d a t a  i n  t h a t  t hey  
e x h i b i t  a maximum i n  t h e  emission index as a func t ion  of p re s su re ,  and secondly, 
t hey  are r e p r e s e n t a t i v e  of d a t a  f o r  a wide v a r i e t y  of l i q u i d  hydrocarbons. 
Quigg conducted an extensive parametric study i n  a t e s t  combustor f o r  a wide 
v a r i e t y  of  pure l i q u i d  hydrocarbons along with JP-5 j e t  f u e l  f o r  comparison. 
Included i n  h i s  parametric s tudy were v a r i a t i o n s  i n  combustor i n l e t  a i r  t e m ­
p e r a t u r e  and humidity, combustor p re s su re ,  heat  i n p u t ,  r e f e rence  v e l o c i t y ,  and 
method of f u e l  i n j e c t i o n .  Regression equations empi r i ca l ly  r e l a t i n g  emission 
index t o  t h e  var ious combustor ope ra t ing  parameters w e r e  then formulated. For 
a l l  f u e l s ,  with a l l  operat ing parameters constant  except p re s su re ,  t h e s e  regres­
s i o n  equations are of t h e  form 

where t h e  p r e c i s e  values of a and 6 a r e  determined by t h e  values of  t h e  
var ious operat ing parameters and p i s  t h e  combustor i n l e t  p re s su re  i n  atmo­
spheres.  Typical values f o r  a and ,B a r e  on t h e  o rde r  of 0.60 and 0.042, 
r e s p e c t i v e l y ;  t h e s e  values  were used i n  gene ra t ing  t h e  curve l abe led  "Quigg 
( r e f .  21)" i n  f i g u r e  1 4 .  

The dashed curve i n  f i g u r e  1 4  l abe led  "smoky" i s  from Norgren and Ingebo 
( r e f .  20) f o r  a mixture of ASTM A-l ( l i q u i d )  j e t  f u e l  and (gaseous) propane i n  
a d i f f e r e n t  nozzle system from t h a t  employed f o r  t h e  propane d a t a  shown. Mix­
i n g  w a s  very poor i n  t h i s  nozzle system, and t h e . l a r g e  amount of smoke produced 
ind ica t ed  an overly r i c h  l o c a l  condi t ion i n  t h e  primary zone of t h e  combustor. 
T h e  maximum i n  t h i s  curve i s  obvious. 

20 



I n  t h e s e  comparisons of  t u rb ine  combustor d a t a  wi th  t h e  present  laminar 
d i f fus ion  flame da ta  ( f i g .  14), only t h e  shape of t h e  curve,  t h a t  i s ,  t h e  i n f l u ­
ence of pressure  on NOX formation, i s  of s ign i f i cance .  The absolu te  magnitude 
of t h e  emission index depends on a l a r g e  number of a d d i t i o n a l  f a c t o r s ,  f o r  
example, t h e  f u e l s  used and t h e  opera t ing  condi t ions  i n  a gas tu rb ine  combustor 
as compared with a laminar d i f fus ion  flame. However, t h e  f a c t  t h a t  maxima have 
a l s o  been observed i n  t h e  combustion of hydrocarbons i n  gas t u r b i n e  combustors 
as w e l l  as i n  t h e  present  laminar  d i f fus ion  flame suggests  t h a t  t h i s  phenomenon 
i s  worthy of f u r t h e r  study. 

The e f f e c t  of pressure  on NOX formation has a l s o  been s tudied  i n  flames 
o the r  than  those  of hydrocarbon f u e l s .  I n  an e a r l y  s tudy by N e w i t t  and Lamont 
( r e f .  231, NOX formation w a s  measured during combustion of CO i n  a r t i f i c i a l  
atmospheres of 02/N2 over t h e  pressure  range from 10  t o  100 a t m  i n  an opposed-
j e t  d i f fus ion  flame. (The purpose of t h i s  s tudy w a s  t o  determine whether 
increased pressure  could be e f f e c t i v e l y  employed t o  produce NO e f f i c i e n t l y .  
Some of t h e  d a t a  of re ference  23 have been abs t r ac t ed  f o r  4 '  = 0.5,  and t h e s e  
are shown i n  f i g u r e  14 f o r  t h r e e  d i f f e r e n t  support ing atmospheres of 02/N2. 
The emission index for t hese  CO flames, even i n  an atmosphere of composition 
f a i r l y  c lose  t o  t h a t  of air  (33.3 percent  02/66.6 percent  Np), i s  more than  an 
order  of magnitude g r e a t e r  than  t h e  emission index measured f o r  methane i n  t h e  
present  s tudy.  This i s  l i k e l y  due t o  t h e  f a c t  t h a t  CO flames have much h igher  
ad iaba t i c  flame temperatures than  C H 4  f lames,  about 225 K higher  ( r e f .  24), and 
t h e  r a d i a t i o n  lo s s  from CO flames should be t h e  same o r  less  than  t h a t  from 
CH4 flames. I n  con t r a s t  t o  t h e  hydrocarbon data previous ly  discussed,  t h e  
emission index f o r  CO flames i n  figure 14 shows no tendency t o  reach a maximum, 
a t  least  below 100 a t m .  Several  important d i f f e rences  between CO flames and 
hydrocarbon flames a r e  t h e  higher  flame temperature f o r  CO flames and t h e  f a c t  
t h a t  no hydrocarbon r a d i c a l s  a r e  present  and no carbon i s  formed i n  CO flames. 
Regarding t h i s  l a t t e r  p o i n t ,  note  t h e  s i m i l a r i t y  between t h e  gas tu rb ine  com­
bus tor  data i n  f i g u r e  14 l abe led  "smoky'' and t h e  present  methane d i f fus ion  
f l a m e  da t a ;  both show an obvious peak i n  t h e  emission index curve as a func t ion  
of pressure ,  and both  have a high degree of carbon formation. 

Cer ta in ly ,  any attempt t o  expla in  t h e  maximum i n  t h e  NOX molar emission 
index curves i n  f igu res  1 3  and 1 4  cannot ignore t h e  inf luence  of temperature 
because of t h e  known s t rong  temperature dependence of t h e  NO-forming r eac t ions .  
However, i n  l i g h t  of  t h e  experimental  temperature d a t a  presented i n  t h e  follow­
ing  s e c t i o n ,  changes i n  flame temperature wi th  pressure  cannot be used t o  
expla in  t h e  shapes of t h e s e  curves.  

Flame Temperature 

Estimates of t h e  flame temperature w e r e  obtained f r o m  measurements of 
br ightness  temperature at 5000 and 6500 H as discussed previously.  It should 
be recognized t h a t  t h e  flame temperatures measured by t h i s  technique are r e a l l y  
average carbon temperatures ,  t h a t  i s ,  s p a t i a l  average temperatures of t h e  hot  
carbon p a r t i c l e s  e x i s t i n g  i n  t h e  flame i n  t h e  zone viewed wi th  t h e  o p t i c a l  
pyrometer (s ) .  It has been shown by Kuhn and Tankin ( ref .  5 )  i n  t h e i r  work with 
a l a r g e  propane d i f fus ion  flame t h a t  t h e  temperature of t h e s e  carbon p a r t i c l e s  
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is ,  i n  f a c t ,  a good i n d i c a t i o n  of t h e  t r u e  temperature of t h e  flame gases i n  t h e  
v i c i n i t y  of t h e  carbon p a r t i c l e s .  But t h e i r  r e s u l t s  a l s o  i n d i c a t e  t h a t  t h e  peak 
temperature reached i n  t h e  flame m a y  be  as much as 100 K h igher  t han  t h a t  i n  t h e  
carbon zone. However, a l l  t h e i r  work w a s  done a t  1 a t m  where a sepa ra t ion  of 
t h e  carbon zone from t h e  ( b l u e )  gaseous r e a c t i o n  zone must undoubtedly e x i s t  
( t h e y  d i d  not  show co lo r  photographs of t h e i r  flames such as those  i n  f i g .  7 ) .  
Because of t h e  much lower carbon-forming tendency of t h e  s m a l l  methane flames 
i n  t h e  present  s tudy ,  no meaningful temperature measurements could be made a t  
pressures  below 5 a t m ;  and by t h e  t i m e  t h i s  pressure  w a s  reached, t h e  concen­
t r a t i o n  of carbon i n  t h e  flame had dramat ica l ly  increased ,  t h e  r eac t ion  zone 
had become th inne r  and more condensed, and t h e  sepa ra t e  b lue  zone w a s  no longer 
ev ident .  (See f i g .  7 . )  Hence, it may be assumed t h a t  no s i g n i f i c a n t  s epa ra t e  
gaseous r eac t ion  zone e x i s t s  and t h a t  a l l  important combustion r eac t ions  occur 
simultaneously wi th in  t h e  v i s i b l e  luminous carbon zone. Since flame tempera­
ture w a s  measured i n  t h e  t i p  of t h e  flame i n  t h e  region of most i n t ense  rad ia­
t i o n ,  t h i s  measured temperature may be taken as a reasonable  r ep resen ta t ion  of 
t h e  peak temperature occurr ing i n  t h e  flame. 

Figure 1 5  shows a p l o t  of t h e  measured flame temperature Tf as a func­
t i o n  of pressure  with d a t a  l i m i t s  a t  each pressure  ind ica t ed  by a v e r t i c a l  l i n e .  
The f a i r l y  broad l i m i t s  are caused by t h e  high s e n s i t i v i t y  of t h e  flame tempera­
t u r e ,  ca l cu la t ed  by equat ion ( 3 )  , t o  s m a l l  changes i n  t h e  two ind iv idua l ly  
measured br ightness  temperatures a t  t h e  r e l a t i v e l y  c lose  wavelengths, 5000 8, 
and 6500 1. Although a wider s epa ra t ion  between t h e  two wavelengths would be 
d e s i r a b l e  t o  minimize e r r o r s ,  wider s epa ra t ion  cannot be conveniently achieved 
because t h e  r e l a t i o n s h i p  a k/Xa has only been shown t o  apply i n  t h e  v i s i b l e  
region.  An es t imate  of  t h e  flame temperature a t  pressures  below 5 a t m  w a s  
obtained by ex t r apo la t ing  t h e  temperature curve t o  a value a t  1 a t m  a r b i t r a r i l y  
taken  t o  be 100 K below t h e  ad iaba t i c  flame temperature of 2230 K t o  account 
f o r  molecular r a d i a t i o n  and r a d i a t i o n  from t h e  s m a l l  amount of carbon i n  t he  
flame. This value of 2130 K i s  i n  agreement wi th  t h e  maximum value of 2116 K 
ca l cu la t ed  from thermocouple probe d a t a  repor ted  by Tute ja  ( r e f .  25) 4 f o r  l a r g e ,  
1 - a t m  methane-air d i f f u s i o n  flames.  For comparison, t h e  ad iaba t i c  flame tem­
pe ra tu re  Tad f o r  methane-air combustion at s to ich iometr ic  condi t ions has a l s o  
been p l o t t e d  i n  f i g u r e  15. 

Figure 15  shows t h a t  t h e  measured temperature Tf decreases  about 160 K 
from 1 a t m  t o  5 a t m ,  while carbon concent ra t ion ,  and hence r a d i a t i o n  from t h e  
flame, s u b s t a n t i a l l y  inc reases .  There i s  a f u r t h e r  decrease of about 120 K 
from 5 a t m  t o  20 a t m  as carbon concentrat ion cont inues t o  inc rease .  (See 
f igs . .  7 and 10.) From 20 a t m  t o  50 a t m ,  only a 50-K decrease i n  temperature 
t akes  p lace .  There i s  l i t t l e  s i m i l a r i t y  between t h e  shape of t h i s  temperature 

4Tuteja r e p o r t s  a maximum thermocouple temperature of about 1978 K 
(3100° F)  uncorrected f o r  thermocouple r a d i a t i o n  l o s s e s .  Using s tandard radia­
t i o n  thermocouple co r rec t ions  ( r e f .  26) and t h e  usua l ly  accepted value of 0.25 
f o r  thermocouple emis s iv i ty  ( s e e ,  f o r  i n s t ance ,  r e f s .  27 and 28) r e s u l t  i n  a 
maximum correc ted  flame temperature of 2116 K. It may be observed t h a t  Tute ja  
himself uses an excess ive ly  l a r g e  emis s iv i ty ,  0.40, which y i e l d s  a maximum 
flame temperature only 20 K below t h e  ad iaba t i c  flame temperature.  
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curve and t h e  shape of t h e  curve of molar emission index i n  f i g u r e  13. A t  
p re s su res  j u s t  above 1 a t m ,  molar emission index inc reases  r a p i d l y  while  t e m ­
p e r a t u r e  decreases;  nea r  9 a t m ,  molar emission index peaks while  temperature 
decreases  smoothly; and above about 20 a t m ,  molar emission index con t inua l ly  
decreases while  temperature decreases  only s l i g h t l y .  Hence, it i s  c l e a r  t h a t  
t h e  shape of  t h e  temperature curve wi th  p re s su re  cannot exp la in  by i t s e l f  t h e  
shape of t h e  curve of  molar emission index wi th  p re s su re .  Poss ib l e  explana­
t i o n s  f o r  t h e  shape of t h i s  molar emission index curve are explored i n  some 
d e t a i l  i n  t h e  following s e c t i o n .  

INTERPRETATION O F  NOX DATA 

The f a c t  t h a t  t h e  molar emission index f o r  NOX f o r  t h e  p re sen t  methane-air 
d i f f u s i o n  flame a t t a i n s  a maximum as a func t ion  of  p re s su re  and t h e  f a c t  t h a t  
t h e  d i r e c t i o n  of change of molar emission index wi th  p re s su re  i s ,  i n  gene ra l ,  
con t r a ry  t o  t h e  d i r e c t i o n  of change of temperature with p re s su re  are unusual 
r e s u l t s  and warrant f u r t h e r  cons ide ra t ion .  I n  t h i s  s e c t i o n ,  experimental  aver­
age rate of formation of  NOX i s  est imated and compared with r a t e s  p red ic t ed  f o r  
a v a r i e t y  of d i f f e r e n t  condi t ions by t h e  conventional two-step Zeldovich mecha­
nism f o r  NO formation. The experimentally observed peak i n  t h e  curve of  molar 
emission index as a func t ion  of  p re s su re  i s  discussed,  and several p o s s i b l e  
explanat ions a r e  o f f e red .  

R a t e  of Formation of NOX 

An expression f o r  t h e  average rate of  formation of NOX i n  t h e  flame can be 
obtained from t h e  d e f i n i t i o n  of molar emission index I,. Defined as t h e  num­
b e r  of moles of NOX produced p e r  mole of f u e l  consumed, t h e  molar emission index 
can, under condi t ions of s teady s t a t e  and complete combustion of  t h e  f u e l  
(methane),  be expressed as 

nNOx 
1, = ­

nCH4 

where nCH4 i s  t h e  molar flow rate of C H 4  i n t o  t h e  flame and nNOX i s  t h e  
molar flow ra te  of NOX out  of t h e  flame. Rearranging t h i s  expression and 
d iv id ing  by a r e a c t i o n  volume VRx y i e l d s  

nNOx nCH4
- I  ­

'Rx 'Rx 

If t h e  not  unreasonable assumption i s  made t h a t  t h e  r e a c t i o n  volume i n  which 

NOX i s  formed i s  approximately equal  t o  (though not n e c e s s a r i l y  coincident  w i th )  
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the r e a c t i o n  volume i n  which CH4 i s  combusted t o  CO2 and � 1 2 0 , ~t h i s  equation 
can be rewrit ten as 

-Ewhere r i s  t h e  average ra te  of formation of  NOX wi th in  t h e  r e a c t i o n  volume 
NOX -Ei n  which it i s  formed and 'CH4 i s  t h e  average o v e r a l l  rate of conversion of 

CH4 t o  CO2 and H20 w i t h i n  t h e  r e a c t i o n  volume i n  which such conversion occurs.  
The r e a c t i o n  r a t e  -E 

'CH4 can be obtained by d iv id ing  t h e  known molar flow rate  

nCH4 
by t h e  volume o f  t h e  flame zone, which can be obtained from 

Of Inethane 
t h e  c o l o r  photographs of t h e  flame i n  f i g u r e  7.  Reaction volumes obtained from 
these photographs should be a f a i r l y  accu ra t e  measure of t h e  o v e r a l l  f u e l  con­
sumption volumes s i n c e  it has been experimentally demonstrated t h a t  methane 
combustion i s  complete w i t h i n  the  flame ( i . e . ,  t h e r e  a r e  no s i g n i f i c a n t  quan­
t i t i e s  of unburned hydrocarbons, C O Y  or smoke l i b e r a t e d  from t h e  f l ame) .  Hence, 
t he  average methane r e a c t i o n  rate s o  determined should be a f a i r l y  r e a l i s t i c  
estimate of  t h e  t r u e  average o v e r a l l  rate of  consumption of methane i n  t h e  
flame. 

I n  de f in ing  an appropr i a t e  methane r e a c t i o n  volume VRx from t h e  photo­
graphs i n  f i g u r e  7 ,  both t h e  b l u e  and t h e  luminous carbon zones must be  
included because no d i s t i n c t i o n  should be drawn between methane consumption 
e n t i r e l y  i n  t h e  gas phase and methane consumption when ( s o l i d )  carbon i s  formed 
as a r e a c t i o n  intermediate;  t h a t  i s ,  t h e r e  i s  no fundamental d i f f e r e n c e  i n  t h e  
concept of r e a c t i o n  volume i n  which methane i s  consumed whether t h e  pa th  be 

C H 4  + 202 + 
Gaseous r e a c t i o n  

-t C02 + 2H20in te rmed ia t e s  

o r  

Gaseous r e a c t i o n  + S o l i d  r e a c t i o n  
+ C02 + 2H20CH4 + 202 + in t  e r m e  d i  a tes intermediates  

P r i o r  t o  using t h e  photographs i n  f i g u r e  7 f o r  ob ta in ing  estimates of such 
r e a c t i o n  volumes, however, it had t o  be a sce r t a ined  whether a l l  zones o f  

5Certainly it i s  reasonable t o  assume t h a t  t h e  volume i n  which NOX i s  
formed i s  roughly p ropor t iona l  t o  t h e  volume i n  which CH4 i s  consumed. It i s  
considered u n l i k e l y  t h a t  t h e  constant  of p r o p o r t i o n a l i t y  would be much l e s s  
t han  1 / 2  o r  much g r e a t e r  t han  2 ;  hence, f o r  purposes of convenience, it has 
been taken t o  be un i ty .  I n  any even t ,  t h e  p r e c i s e  value s e l e c t e d  f o r  t h i s  
p r o p o r t i o n a l i t y  constant  w i th in  t h e s e  bounds has no material  e f f e c t  on t h e  
subsequent discussion.  
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s i g n i f i c a n t  r e a c t i o n  could be seen i n  t h e s e  photographs. I n  sepa ra t e  experi­
ments, photographs w e r e  taken of t h e  flame from 1 t o  50 a t m  through i n t e r f e r e n c e  
f i l t e rs  a t  two wavelengths: 3100 1 where OH band emission occurs and 8700 d 
where only continuum emission from carbon p a r t i c l e s  i s  expected. On comparing 
t h e s e  photographs wi th  t h e  c o l o r  photographs i n  f i g u r e  7 ,  it w a s  found t h a t  t h e  
photographs taken with t h e  3100-1 f i l t e r  coincided with t h e  b l u e  and green zones 
f o r  t h e  lower p re s su re  flames and with t h e  yellow luminous carbon zone f o r  t h e  
higher  p re s su re  flames, and t h a t  t h e  photographs taken wi th  t h e  8700-1 f i l t e r  
coincided wi th  t h e  white  or yellow luminous zone at a l l  p re s su res .  To de te r ­
mine t h e  na tu re  of  t h e  flame emission a t  t h e s e  s e p a r a t e  wavelengths, an emission 
spectrum of t h e  flame w a s  taken wi th  a 0.25-m monochromator i n  t h e  s p e c t r a l  
regions of 3100 8, and 8700 8, at  both 1 and 50 a t m .  A t  1 a t m ,  t h e  OH r o t a t i o n a l  
band s t r u c t u r e  w a s  c l e a r l y  v i s i b l e  i n  t h e  v i c i n i t y  of 3100 b, whereas at 8700 1, 
only t h e  continuum from carbon-part ic le  emission w a s  evident .  A t  50 a t m ,  t h e  
carbon-parti.cle continuum a t  8700 1 w a s  s t i l l  observed; bu t  t h e  OH band s t r u c ­
t u r e  was  no longer  evident  near  3100 H, t h e r e  being only a f a i n t  continuum of 
inc reas ing  i n t e n s i t y  wi th  inc reas ing  wavelength, undoubtedly due t o  carbon-
p a r t i c l e  emission. The l a c k  of OH band s t r u c t u r e  could be  due e i t h e r  t o  a very 
low OH concentrat ion i n  t h e  flame at 50 a t m ,  or t o  e x c i t e d  OH f a i l i n g  t o  t h e  
ground s ta te  by c o l l i s i o n  damping r a t h e r  t han  by emission. On t h e  b a s i s  of 
t h e s e  sepa ra t e  s p e c t r a l  s t u d i e s  it w a s  concluded t h a t  t h e  color  photographs i n  
f i g u r e  7 d i d  indeed g ive  a fair  r e p r e s e n t a t i o n  of t h e  s i g n i f i c a n t  r e a c t i o n  
zones, including bo th  t h e  OH region and t h e  luminous carbon zone, and, f u r t h e r ,  
t h a t  it w a s  u n l i k e l y  t h a t  zones of  s i g n i f i c a n t  gas-phase r e a c t i o n s  w e r e  missed, 
even f o r  t h e  h ighe r  p re s su re  flames where carbon-part ic le  luminosity becomes 
so  in t ense .  

To o b t a i n  estimates of t h e  methane r e a c t i o n  volumes, t h e  r e a c t i o n  zones 
shown i n  t h e  co lo r  photographs were t r a c e d  on f ine -g r id  graph paper ,  and t h e  
areas so  def ined w e r e  a n a l y t i c a l l y  revolved about t h e  c e n t e r  l i n e  of t h e  flame. 
I n  e s t ima t ing  such r e a c t i o n  volumes, p o s s i b l e  image d i s t o r t i o n ,  caused by 
r e f r a c t i o n  of l i g h t  by d e n s i t y  g rad ien t s  i n  t h e  f l a m e ,  w a s  ignored. A p lo t  of 
t h e  r e s u l t i n g  r e a c t i o n  volumes as a func t ion  of  p re s su re  i s  shown i n  f i g u r e  16  
along with t h e i r  es t imated e r r o r  bounds. 

If t h e  r e a c t i o n  volumes given i n  f i g u r e  16 are divided i n t o  t h e  known 
( c o n s t a n t )  flow ra te  f o r  methane o f  41.8 sccm expressed i n  moles/sec, t h e  aver­

-E age o v e r a l l  methane consumption rate 'CH4 i s  obtained.  This ra te  i s  p l o t t e d  

as a func t ion  of p re s su re  i n  f i g u r e  17.  A s  l i m i t i n g  cases  f o r  methane consump­
t i o n ,  t h e  average o v e r a l l  rates of  consumption of methane based on gas-phase

- s to i ch  and based on carbon-part ic le  oxidat ion k i n e t i c sr e a c t i o n  k i n e t i c s  r 
CH4
-carbon w e r e  c a l c u l a t e d  as descr ibed subsequently and are a l s o  p l o t t e d  i n  f i g ­'CHk 


u r e  17 f o r  comparison. 

I n  c a l c u l a t i n g  t h e  l i m i t i n g  r e a c t i o n  rate f o r  gas-phase methane oxida­
t i o n  	

- s to i ch  , t h e  following assumptions are made. A l l  methane i s  consumed by'CHq 
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r e a c t i o n  wi th  oxygen, and t h e  concen t r a t ion  of oxygen i n  t h e  presence of 
methane during r e a c t i o n  i s  jus t  t h a t  needed f o r  complete combustion, t h a t  i s ,  
t h e  s to i ch iomet r i c  amount. For t h i s  s to i ch iomet r i c  combustion, t h e  mole f r ac ­
t i o n s  of methane X C H ~  and o f  oxygen xo2 are taken t o  be  0.095 and 0.190, 

r e s p e c t i v e l y ,  t h e  same amounts t h a t  would e x i s t  i n  a premixed s to i ch iomet r i c  
methane-air flame. The k i n e t i c  expression used f o r  c a l c u l a t i n g  t h e  o v e r a l l  
rate of methane consumption ( i . e . ,  t h e  s ing le - s t ep  conversion of CH4 and 02 t o  
C02 and H20) is  

which i s  based on a s tudy o f  methane-air d i f f u s i o n  flames by Tu te j a  ( r e f .  2 5 ) .  
Because t h e  temperature i n  equat ion ( 5 )  r e p r e s e n t s  an average temperature 
throughout t h e  r e a c t i o n  zone, which i s  somewhat unce r t a in  b u t  obviously smaller 
than  t h e  measured peak flame temperature T f ,  several average temperatures less 
than  Tf w e r e  employed. These w e r e  a r b i t r a r i l y  taken t o  b e  50 K ,  100 K ,  and 

- s to i ch  p l o t t e d  i n  f i g u r e  17150 K below T f ,  and t h e  k i n e t i c  r e a c t i o n  ra te  r 
C H 4  

has been c a l c u l a t e d  f o r  t h e s e  t h r e e  average temperatures .  There are only minor 
d i f f e r e n c e s  i n  t h e  p red ic t ed  k i n e t i c  r e a c t i o n  r a t e s  f o r  t he  t h r e e  temperatures.  
The f a c t  t h a t  a l l  t h e s e  k i n e t i c  rates a r e  more than  2 o rde r s  of magnitude 

g r e a t e r  t han  t h e  experimental  average r e a c t i o n  r a t e  'CH4 i n d i c a t e s  t h a t  t h e  

experimental  r e a c t i o n  rate i s  s t r o n g l y  d i f f u s i o n  c o n t r o l l e d  a t  a l l  p re s su res ,  
as expected. 

Since a t  high p res su re ,  methane consumption proceeds t o  a l a r g e  ex ten t  

through ( s o l i d )  carbon in t e rmed ia t e s ,  a r e a c t i o n  ra te  	 -carbon has a l s o  beenrCH4 
ca lcu la t ed .  T h i s  r e a c t i o n  r a t e  i s  based on t h e  assumptions t h a t  a l l  methane 
i s  instantaneously and completely pyrolyzed t o  carbon p a r t i c l e s  and hydrogen, 
and t h a t  oxidat ion of t h e s e  carbon p a r t i c l e s  i s  t h e  r a t e -con t ro l l i ng  s t e p .  
To estimate t h i s  oxidat ion r a t e  of  carbon p a r t i c l e s ,  t h e  expression of Nagle 
and Strickland-Constable f o r  t h e  oxidat ion ra te  of p y r o l y t i c  g raph i t e  w a s  
used i n  accordance with t h e  suggest ion of Appleton ( r e f .  29) t h a t  it f a i r l y  
accu ra t e ly  descr ibes  t h e  ox ida t ion  rate of carbon p a r t i c l e s  w i th in  a flame. 
For t h i s  r e a c t i o n ,  as be fo re ,  t h e  s to i ch iomet r i c  amount of  oxygen w a s  assumed 
t o  be i n  t h e  r e a c t i o n  v i c i n i t y  of  t h e  carbon p a r t i c l e s  (and hydrogen). Since 
t h e  r eac t ion - ra t e  expression of Nagle and Strickland-Constable (as given by 
Appleton ( r e f .  29) and reproduced i n  appendix E )  i s  pe r  u n i t  a r e a  of carbon 
s u r f a c e ,  t h e  s i z e  of t h e  carbon p a r t i c l e s  i n  t h e  flame a f f e c t s  t h e  o v e r a l l  
r e a c t i o n  r a t e .  Calculat ions were made f o r  s p h e r i c a l  p a r t i c l e s ,  both 50 1 and 
100 A i n  diameter,  s i z e s  which are wi th in  t h e  bounds observed by Narasimhan 
and Fos te r  ( r e f .  1 6 )  i n  t h e i r  s tudy of carbon-part ic le  growth i n  tu rbu len t  

methane-air flames. For s i m p l i c i t y ,  t h e  c a l c u l a t i o n  of 	 -carbon w a s  made at 
'CH4 

only one average temperature,  Tav = Tf - 100 K .  The r e s u l t i n g  r e a c t i o n  ra te  
-carbon i si s  p l o t t e d  i n  f i g u r e  17. Although t h e  k i n e t i c  p r e d i c t i o n  f o r  r 

CHL 
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- s to ichbelow t h a t  f o r  rCH4 , it i s  s t i l l  more than  an order  of magnitude g r e a t e r  

than  ?EH4. Therefore,  regard less  of t h e  r e a c t i o n  path f o r  t h e  consumption of 

methane, t h e  r e a c t i o n  rate i n  t h e  present  d i f f u s i o n  flame appears t o  be d e f i ­
n i t e l y  l i m i t e d  by d i f fus ion .  

-E i n  t h e  flame w a sThe average ra te  of formation of n i t rogen  oxides r 
NOX-Eca lcu la t ed  from t h e  p l o t  of r i n  f i g u r e  17, t h e  p l o t  of Im i n  f i g -

CH4 
-E 

u re  13 ,  and equat ion ( 4 ) .  A p l o t  of r as a func t ion  of pressure  i s  
NOX 

shown i n  f i g u r e  18. This estimate of t h e  average rate of  formation of NOX 
i n  t h e  flame can now be compared with formation rates predic ted  by t h e  con­
vent iona l  two-step Zeldovich mechanism f o r  NO formation: 

kf 
O + N 2  N O + N  

k r  

k f 
N + 0 2 2  N O + O  ( 7 )  

k r  

The genera l ly  accepted values  f o r  t h e  r eac t ion - ra t e  cons t an t s ,  given by Bracco 
( r e f .  3 0 ) ,  are 

kf6 = 1.36 X 10
1 4  e-75400/RT 

kr6 = 3.1 x e-334/RT 

k f7  = 6.4 x lo9 T e  -6250/RT 

kr7 = 1 . 5  x 109 Te-3864O/RT 

If elementary ra te  expressions,  based on equat ions ( 6 )  and ( 7 ) ,  are w r i t t e n  f o r  
t h e  ra te  of formation of NO (dCNO/dt), t h e  usua l  s teady-s ta te  assumption f o r  
n i t rogen  atoms i s  made, and an order  of magnitude ana lys i s  i s  used t o  e l imina te  
neg l ig ib l e  t e r m s ,  t h e  customary expression f o r  t h e  ra te  of formation of NO i s  
obtained:  
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One approach which has  been used i n  t h e  l i t e r a t u r e  i n  applying equa­
t i o n  (8)  has been t o  assume t h a t  oxygen atoms are i n  equ i l ib r ium with oxygen 
molecules : 

kf 
O 2 + M : 2 0 + M  

k r  

where t h e  equi l ibr ium constant  KO given by Bracco i s  
- .  

- 3.54 x IO 4 1 - 1 1 8 0 0 0 / ~ ~- eT 

S u b s t i t u t i o n  of equation (10)  i n t o  equat ion ( 8 )  permits  t h e  c a l c u l a t i o n  of t h e  
p red ic t ed  r e a c t i o n  ra te ,  rNO,provided t h a t  

co2 
and C

N2 
are known. Unfor­

t u n a t e l y ,  un l ike  t he  s i t u a t i o n  f o r  a premixed flame, t h e r e  i s  some unce r t a in ty  
regarding t h e  proper values  f o r  t h e s e  concentrat ions i n  a d i f f u s i o n  flame. 
For n i t r o g e n ,  spec ie s  concen t r a t ion  p r o f i l e s  i n  f u e l - a i r  d i f f u s i o n  flames 
repor t ed  by Tuteja ( re f .  25) and Takagi and coworkers ( r e f .  28) show a l a r g e  
concentrat ion of n i t rogen ,  v i r t u a l l y  t h e  same as i n  a i r ,  extending we l l  i n t o  
t h e  combustion zone. Hence, t o  a very good approximation, t h e  mole f r a c t i o n  
of n i t rogen  i n  t h e  region of  important NO formation may be taken t o  be 0.79. 
The proper concentrat ion t o  use f o r  oxygen i s  considerably more unce r t a in .  
Obviously, t h e  maximum concentrat ion of  oxygen t h a t  can e x i s t  i s  a mole f r ac ­
t i o n  o f  0.21; t h i s  va lue ,  t h e r e f o r e ,  r e p r e s e n t s  an upper l i m i t .  A lower l i m i t  
f o r  oxygen mole f r a c t i o n  can be obtained by r ep lac ing  'CH4 i n  equation ( 5 )

--E from f i g u r e  17 and so lv ing  f o r  t h a t  which would give t h e  
with rCH4 co2 
observed methane r e a c t i o n  rate at s to i ch iomet r i c  concentrat ions of methane and 

-oxygen i n  t h e  flame zone. This w a s  done f o r  Tav = Tf - 100 K ,  and t h e  values  
of Co2 obtained are p l o t t e d  i n  figure 19 as average mole f r a c t i o n  Xo, as a 
func t ion  o f  p re s su re .  These values  of Go2 are considered a lower l i m i t  of 

oxygen mole f r a c t i o n  f o r  NO formation because they rep resen t  t h e  average mole 
f r a c t i o n  of  oxygen i n  t h e  combustion zone, whereas maximum NO formation i s  
known t o  occur s l i g h t l y  t o  t h e  a i r  s i d e  of t h e  combustion zone where tempera­
t u r e  i s  h ighes t  and oxygen concentrat ion i s  somewhat g r e a t e r  t han  i n  t h e  f u e l  
combustion zone. To g e t  an in t e rmed ia t e ,  more r e a l i s t i c  value f o r  oxygen mole 
f r a c t i o n  which may a c t u a l l y  e x i s t  i n  t h e  NO formation zone of  a d i f f u s i o n  
flame (at  least at 1 a t m ) ,  spec i e s  p r o f i l e s  r epor t ed  by Tu te j a  ( r e f .  25) and 
Takagi and coworkers ( r e f .  28) i n  1 - a t m  d i f f u s i o n  flames can be used. P r o f i l e s  
r epor t ed  i n  both r e fe rences  i n d i c a t e  t h a t  t h e  mole f r a c t i o n  of  NO i n  t h e  flame 
has v i r t u a l l y  t h e  same shape as t h e  temperature p r o f i l e ,  which peaks s l i g h t l y  
t o  t h e  a i r  s i d e  of t h e  combustion zone. ( A  q u a l i t a t i v e  sketch of  a t y p i c a l  
p r o f i l e  i s  depicted i n  f i g .  20.)  Since NO seems t o  be formed i n  t h e  highest  
temperature zone i n  t h e  flame, a number of s p e c i e s ' p r o f i l e s  from re fe rences  25 
and 28 f o r  t h e  mole f r a c t i o n  of  oxygen w e r e  i n t e g r a t e d  over t h a t  region of t h e  
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flame within about 300 K of the peak in the temperature profile.6 This gave an 

approximate average oxygen mole fraction of about 0.04. 


The three values for xo2 presented in the preceding paragraph were used 


in equations (8)and (10)to predict :Nox. Such predictions are plotted in 


figure 18 for one average temperature, Tav = Tf - 100 K. Certainly the most 
striking aspect of these predicted rates in figure 18 is that they are as much 
as 2 orders of magnitude smaller than the experimentally observed rate. To 
dispel the possible argument that Tav = Tf - 100 K is really too low, similar 
rate predictions were made for xo2 = 0.21 and 0.04 for Tf, the peak tempera­
ture observed in the flame. These rates are also plotted in figure 18, and 
they, too, fall well below the experimentally observed rate. The predicted 
rates are only weakly dependent on pressure because the decreasing flame tem­
perature is sufficient to cancel any increase in rate caused by increasing 
pressure. The slight increase in the predicted rates between 20 atm and 50 atm 
is due largely to the increase in pressure, since flame temperatures between 
20 atm and 50 atm differ by only 50 K. In strong contrast to the shape of the 
predicted rate curves is the shape of the experimental rate curve, which 
increases markedly with pressure at low pressures but begins to level off at 
higher pressures. 

Experimental rates of NOX formation considerably higher than rates pre­
dicted by the Zeldovich mechanism, assuming oxygen-atom equilibrium, have often 
been observed and have been the subject of much discussion in the literature. 
The discrepancy is generally attributed to the presence of superequilibrium 
concentrations of oxygen atoms in the flame; that is, during the combustion 
process, oxygen atoms are formed as reaction intermediates in concentrations 
greater than those which would exist if the oxygen atoms were in chemical 
equilibrium with oxygen molecules in the flame. (See, for instance, refs. 27, 
31, 32, 33, and 34 for premixed flames and ref. 28 for diffusion flames.) 
Since the Zeldovich mechanism is still accepted as the proper reaction mecha­
nism, at least for lean and near-stoichiometric flames, the problem then 
becomes one of experimentally determining what the true mole fraction of oxygen 
atoms really is. Customarily the mole fraction of oxygen atoms is determined 
either from a detailed kinetic combustion mechanism or by calculating that 
oxygen-atom mole fraction required to give the experimentally observed rate 
of NOX formation. For this purpose, the rate expression in equation (8)based 
on the Zeldovich mechanism is usually used; and results are usually expressed 
as ratios of superequilibrium concentration to the equilibrium concentration 
of oxygen atoms. Such calculations have been made for the present data for 
Tav = Tf - 100 K, and the results are plotted in figure 21 as the ratio 

~ 

stoich 
 ~ ~ ~ , ~
X . The mole fraction x ~ , is that oxygen-atom mole 

-. -. - .-- .- -- _­
6The value of 300 K was chosen for the following reason. If equation (10) 

is substituted into equation (8)and an average reaction temperature on the 
order of 2000 K is assumed, the rate of NO formation drops by 2 orders of 
magnitude for a 300-K temperature decrease. Hence, all significant NO forma­
tion must occur within at least 300 K of the peak temperature. 



f r a c t i o n  r equ i r ed  by equat ion ( 8 )  t o  g ive  t h e  observed experimental  rate of 
-Eformation r
NOX f o r  G, = 0.79 and Tav = Tf - 100 K ,  and x 

s t o i c h  i s  t h e  
0 ,eq 

equi l ibr ium oxygen-atom mole f r a c t i o n  f o r  s to i ch iomet r i c  premixed combustion 
at t h e  same temperature Tav c a l c u l a t e d  with t h e  computer program of Svehla 
and McBride ( r e f .  35). 

From f i g u r e  21, t h e  r equ i r ed  oxygen-atom r a t i o  i s  about 30 a t  1 a t m ,  
i nc reases  t o  a maximum value of about 10000 near  35 a t m ,  and t h e r e a f t e r  
decreases  s l i g h t l y .  The value of  30 a t  1 a t m  i s  i n  t he  neighborhood of t y p i c a l  
t h e o r e t i c a l  and experimental  values  r epor t ed  f o r  premixed flames a t  $ = 1. 
(See table  I . )  Hence, t h e  p re sen t  d a t a  are not i n c o n s i s t e n t  with o t h e r  results 
i n  t h e  l i t e r a t u r e  at 1 a t m .  But as p res su re  i n c r e a s e s ,  the  r equ i r ed  oxygen-
atom r a t i o  inc reases  t o  very l a r g e  values .  The only known study r e p o r t i n g  t h e  
e f f e c t  of p re s su re  on r equ i r ed  oxygen-atom r a t i o  i s  t h a t  of  Ay and S i c h e l  
( r e f .  3 4 ) ,  who t h e o r e t i c a l l y  c a l c u l a t e d  r equ i r ed  oxygen-atom r a t i o s  f o r  methane-
a i r  flames a t  $ = 0.6. These r a t i o s  inc rease  from about 100 a t  1 a t m  t o  only 
about 180 a t  30 a t m .  This i nc rease  by a f a c t o r  of about 2 i s  considerably less  
than  t h e  f a c t o r  o f  over 300 observed i n  t h e  p re sen t  s tudy,  bu t  t h e  c a l c u l a t i o n s  
of Ay and S i c h e l  ( r e f .  34) a r e  f o r  a much lower value of 4 ( 0 . 6 )  t han  t h a t  
assumed t o  be e f f e c t i v e  f o r  d i f f u s i o n  flames ( 1 . 0 ) .  It must a l s o  be appreci­
a t e d  t h a t  a d i f f u s i o n  flame d i f f e r s  considerably from a premixed flame, because 
even though it may be reasonable t o  assume an o v e r a l l  average equivalence r a t i o  
of u n i t y  throughout the combustion zone, i n  a c t u a l  f a c t  the  l o c a l  equivalence 
r a t i o  decreases from very large values  on t h e  f u e l  s i d e  t o  v i r t u a l l y  zero on 
t h e  a i r  s i d e  of t h e  flame zone. (See f i g .  20 . )  Table I shows t h a t  f o r  i so ­
thermal combustion ( refs .  31 and 3 3 )  t h e  required oxygen-atom r a t i o  inc reases  
w i t h  i nc reas ing  equivalance r a t i o ,  bu t  f o r  a d i a b a t i c  combustion ( r e f .  34) t h e  
r equ i r ed  oxygen-atom r a t i o  i s  a minimum a t  I$ = 1. The p r e d i c t i o n s  of Ay and 
S i c h e l  ( r e f .  34) f o r  a d i a b a t i c  combustion a r e  be l i eved  t o  be  more appropr i a t e  
t o  t h e  s i t u a t i o n  which e x i s t s  ac ross  t h e  flame zone i n  a d i f f u s i o n  f l a m e ,  
s i n c e  f o r  a d i a b a t i c  combustion t h e  peak temperature i s  reached near  4 = 1 and 
decreases  f o r  both l a r g e r  and smaller values  of $, a s i t u a t i o n  roughly approxi­
mating t h a t  f o r  l o c a l  values  of $ throughout t h e  flame zone i n  a d i f f u s i o n  
flame. Thus, because f o r  a d i f f u s i o n  flame the  r equ i r ed  oxygen-atom r a t i o  i s  
r e a l l y  an i n t e g r a t e d  average ac ross  t h e  flame f r o n t ,  and because according t o  
t h e  c a l c u l a t i o n s  of Ay and S i c h e l ,  t h e  r a t i o  i s  a minimum f o r  a l o c a l  4 of  
u n i t y ,  t h e  r equ i r ed  oxygen-atom r a t i o  would be expected t o  be somewhat l a r g e r  
t han  t h a t  f o r  a premixed flame at I$ = 1. The p resen t  value of  r equ i r ed  oxygen-
atom r a t i o  of  30 a t  1 a t m  ( f i g .  21), being somewhat l a r g e r  t han  t h e  t h e o r e t i ­
c a l l y  c a l c u l a t e d  value of Ay and S i c h e l  ( r e f .  34) of 20, i s  a t  least  i n  the  
r i g h t  d i r e c t  ion.  

A t  h igher  p re s su res  t h e  p re sen t  values  of r equ i r ed  oxygen-atom r a t i o  
inc rease  r a p i d l y  ( f i g .  21), a s i t u a t i o n  which i s  c o n s i s t e n t  w i t h  NO being 
formed i n  an inc reas ing ly  fue l - r i ch  environment as p res su re  inc reases .  For 
i n s t a n c e ,  t a b l e  I shows t h a t  f o r  r i c h  flames t h e  r equ i r ed  oxygen-atom r a t i o  
can reach va lues  w e l l  i n t o  t h e  thousands. This p o s s i b l e  s i t u a t i o n  of NO being 
formed i n  an inc reas ing ly  fue l - r i ch  environment as t h e  p re s su re  inc reases  can 
r e a d i l y  be r a t i o n a l i z e d  i n  a d i f f u s i o n  flame. Many authors  ( re fs .  27, 31, 33, 
and 34) accept  t h e  concept of  oxygen-atom superequi l ibr ium as a s a t i s f a c t o r y  
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explanation far NO formation rates in lean and near-stoichiometric flames; 

however, for rich flames a number of authors (see, for instance, refs. 33, 36, 
37, 38, and 39) reason that additional mechanisms involving nitrogen reactions 
with hydrocarbons or hydrocarbon fragments are necessary to explain observed 
NO formation rates. In a diffusion flame, there is an abundance of nitrogen 
well into the fuel side of the combustion zone to permit such reactions to 
occur (see fig. 2 0 ) ,  and at higher pressures the rates of these reactions should 
be enhanced. Furthermore, the reaction zone thins as pressure increases, and 
the average mole fraction of oxygen molecules in the flame zone begins to 
decrease (see fig. 19), and along with it, possibly, the oxygen-atom concentra­
tion. Hence, it seems reasonable that an increasing fraction of the total NO 
formed could be formed by hydrocarbon-nitrogen reactions as pressure is 
increased, particularly at the lower temperatures which accompany the increase 
in pressure (lower temperatures favor reduced oxygen-atom concentrations). 

Takagi and coworkers (ref. 28) reached a similar conclusion in their study 

of turbulent hydrogen-air and propane-air diffusion flames at 1 atm, in which 

the temperatures were reduced by varying amounts of nitrogen dilution. Although 

they could satisfactorily explain their results for hydrogen flames by appealing 

to an oxygen-atom overshoot, for the propane-air flames they would have had to 

postulate unreasonably high oxygen-atom overshoots to account for their results 

in the reduced temperature flames. Accordingly, in agreement with a number of 

other authors, they reasoned that for premixed flames reactions involving nitro­

gen with hydrocarbons or hydrocarbon fragments must be occurring. It may be of 

some additional interest to note that for the 1-atm turbulent propane-air dif­

fusion flame of reference 28 issuing from a 2-mm-diameter fuel port, an overall 

average NO formation rate of 8.4 ppm/msec was obtained. This compares with an 

average rate of about 12.0 ppm/msec for the present laminar methane-air dif­

fusion flame at 1 atm issuing from a 3.06-mm-diameter fuel port. (These low 

values for hydrocarbon fuels can be contrasted with the much higher value of 

67 ppm/msec reported in reference 28 for hydrogen-air flames with the same 

burner system.) 


Discussion of Molar Emission Index Curve 


Unfortunately, none of the foregoing discussion explains the maximum in 

the molar emission index as a function of pressure shown in figure 13. Although 

several explanations for this phenomenon are possible, the present data do not 

permit a clear choice among them at this time.' One of the more likely explana­

tions is the possibility that at higher pressures the NO concentration in the 

flame has essentially reached its equilibrium value, which decreases as pres­

sure is increased. The computer program of Svehla and McBride (ref. 35) was 

used to calculate equilibrium mole fractions of NO for stoichiometric methane-

air combustion at various assumed average flame temperatures;these mole frac­

tions were then divided by the stoichiometric mole fraction of methane to 

obtain an equilibrium molar emission index (which is the same as that which 

would exist for a premixed flame). These values of ImYeqare plotted in 

figure 22 in comparison with the I, data from the present study. At low 

pressures, Im,eq is far above the experimental I, and it is safe to say 

that the equilibrium NO concentration has not been reached. However, Im,eq 
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decreases rapidly with increasing pressure (recall that there is also an 

associated decrease in temperature), and at higher pressures, tends to 

follow the decrease in experimentally measured I&.The implication from this 
comparison is that at low pressures the increase in experimental 1, is due to 

an actual increase in the rate of NO formation as pressure increases, whereas 

at higher pressures the observed decrease is due to the fact that the equilib­

rium concentration of NO, which decreases with increasing pressure, has been 

reached in the flame. (The temperature effect here is small, because above 

20 atm, Tf, and therefore TaV, decreases by only 50 K.) 


Although this explanation is appealing, it cannot be accepted uncritically. 
The concept of stoichiometric combustion in the flame zone of a diffusion flame 
is only a reasonable overall approximation; and treatment of this zone as if it 
were effectively premixed, and making equilibrium calculations on this basis, 
is an obvious oversimplification of the true situation. The absolute magnitude 
of average temperatures Tav has little fundamental significance because of 
the uncertain temperature distribution in the reaction zone. Hence, it would 
be inappropriate to conclude from figure 22 that the most reasonable value 
for Tav is close to Tf - 5 0  K. However, the qualitative picture suggested 
by figure 22 is, nevertheless, somewhat compelling; at high pressures, a 
decrease in 1, seems to be caused by equilibrium concentrations of NO having 
been attained. This proposition could be investigated experimentally by study­
ing flames of CO and H2 and making similar equilibrium calculations. The tem­
peratures of flames of these fuels should change very little with pressure 
because no solid carbon is formed to radiate heat from the flame as is the case 
with hydrocarbon flames. It would also be interesting to study NO formation 
near an electrically heated carbon surface undergoing air oxidation, and to 
vary the temperature of the surface as well as the total pressure. This would 
permit a detailed examination of temperature effects independent of pressure 
effects. Flames of premixed fuel and air could also offer useful information 
because no assumptions would have to be made regarding the equivalence ratio of 

such flames. However, premixed flames are considerably more hazardous to work 

with at high pressures than diffusion flames because of potential problems of 

flashback and detonation. 


Another phenomenon possibly occurring in the present methane-air flame 

could account for a maximum in the I, curve, but to get any information about 

it is extremely difficult. As pressure changes, the concentrations of oxygen 

molecules and atoms in the zone where most of the NO is formed may also change, 

and in an uncertain way. Figure 19 shows the average oxygen concentration in 

the flame zone required to give agreement between the experimentally observed 

methane reaction rate and an overall kinetic expression for methane oxidation 

assuming stoichiometric combustion. This figure indicates that the oxygen mole 

fraction may decrease by a factor of about 4.5 from 1 atm to 50 atm. However, 

the oxygen concentration in the zone where most of the NO is formed is uncer­

tain. If the temperature gradient on the air side of the flame zone becomes 

steeper as pressure is increased (as a result of a thinner reaction zone), the 

high-temperature zone, necessary for substantial.NOformation, will move closer 

into the combustion zone where the concentration of oxygen is lower, and the 

rate of NO formation will decrease. However, as discussed previously, more 

NO may be formed through nitrogen-hydrocarbon reactions. Experimentally, both 
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concentrat ion and temperature p r o f i l e s  are d i f f i c u l t  t o  measure i n  t h e  present  
system because of  t h e  poor a c c e s s i b i l i t y  of t h e  flame f o r  probing and a l s o  
because of  t h e  d i f f i c u l t i e s  i n  making s p a t i a l l y  resolved measurements i n  such 
s m a l l  flames wi th  such t h i n  r e a c t i o n  zones. Furthermore, t h e  presence of l a r g e  
concentrat ions of carbon i n  t h e  flame makes e f f e c t i v e  probe sampling addi t ion­
a l ly  d i f f i c u l t .  If some experimental  means could be devised by which t h e  flame 
could be experimental ly  probed f o r  both composition and temperature,  t h e  results 
would be extremely va luable  i n  i n t e r p r e t i n g  t h e  NOx d a t a  f o r  t h e  present  
methane-air flame, as w e l l  as for flames of o ther  f u e l s .  One p o t e n t i a l l y  
a t t r a c t i v e  a l t e r n a t e  so lu t ion  f o r  gaining information regarding composition and 
temperature p r o f i l e s  would be t o  formulate a d e t a i l e d  a n a l y t i c a l  model of t h e  
flame, accounting f o r  both r e a c t i o n  k i n e t i c s  and m a s s  t r a n s p o r t  as a func t ion  
of pressure .  However, one severely l i m i t i n g  aspect  t o  such an approach i s  t h e  
l ack  of s u i t a b l e  k i n e t i c  mechanisms f o r  t h e  formation, growth, and combustion 
of carbon p a r t i c l e s  w i th in  t h e  flame. ' I f  such a d e t a i l e d  a n a l y t i c a l  model of 
t h e  flame could be success fu l ly  formulated,  however, it could provide much 
i n s i g h t  i n t o  many of t h e  unexplained phenomena occurr ing i n  t h e  present  d i f ­
fus ion  flame. 

A t h i r d  f a c t o r  which might be p a r t i a l l y  respons ib le  f o r  t h e  m a x i m u m  i n  t h e  
& curve as a func t ion  of pressure  i s  t h a t  s i g n i f i c a n t  amounts of ( s o l i d )  car­
bon are formed i n  t h e  flame at increased  pressures .  Figure 11 shows t h a t  t h e  
number of carbon p a r t i c l e s  i n  t h e  flame may increase  by as much as 5 or 6 
orders  of magnitude as p res su re  i s  increased  from 1 a t m  t o  1 0  a t m  and t h a t  
t h e r e  i s  s t i l l  some f u r t h e r  i nc rease  above 10  a t m .  The presence of t h e s e  car­
bon p a r t i c l e s  i n  t h e  flame, though not  a l t e r i n g  t h e  f i n a l  composition of t h e  
e f f l u e n t  from t h e  flame ( i . e . ,  COP and H z O ) ,  i n d i c a t e s  t h a t  t h e  elementary 
r eac t ions  governing combustion at high pressure  (when carbon i s  formed) are 
d i f f e r e n t  from those  a t  low pressure  (when carbon i s  v i r t u a l l y  a b s e n t ) .  It 
has a l ready  been proposed t h a t  nonequilibrium concentrat ions of oxygen atoms 
i n  t h e  flame are respons ib le  f o r  determining t h e  rate of NO formation ( a t  least  
i n  l ean  and near-s toichiometr ic  flames). A l l  t h a t  would be requi red  f o r  a 
reduct ion i n  NO formation ra te  would be a reduct ion i n  t h i s  nonequilibrium 
oxygen-atom concent ra t ion  caused by a change i n  r eac t ion  mechanism. For 
ins tance ,  i f  fewer oxygen atoms w e r e  produced by intermediate  r eac t ions  during 
t h e  oxida t ion  of carbon i n  t h e  flame than  during t h e  homogeneous oxida t ion  of 
gaseous methane, t h e  formation of NO i n  t h e  flame would t end  t o  be r e t a rded ,  
and a t  a s u f f i c i e n t l y  high carbon concent ra t ion ,  a decrease i n  t h e  molar emis­
s i o n  index would o c c w  as carbon c o n c e n t r a t i o n , i n  t h e  flame increased f u r t h e r .  
The presence of s o l i d  carbon i n  t h e  flame could poss ib ly  reduce NO formation 
i n  another  way. As an increas ing  number of carbon p a r t i c l e s  are formed i n  t h e  
flame a t  higher  p re s su res ,  a r ap id ly  increas ing  amount of carbon i s  t i e d  up i n  
t h e s e  p a r t i c l e s ,  wi th  s u b s t a n t i a l l y  less carbon present  as hydrocarbon frag­
ments and r a d i c a l s .  ( A n  estimate of t h e  number of carbon atoms i n  a carbon 
p a r t i c l e  can be obtained from eq. ( E 3 ) .  From t h e  two t e r m s  i n  t h e  denominator 
on t h e  r i g h t  s i d e  of eq. (E3) ,  it i s  ca l cu la t ed  t h a t  only one carbon p a r t i c l e ,  
100 1 i n  diameter,  t i e s  up more than  50 000 carbon atoms. ) Hence, i f  d i r e c t  
n i t rogen  a t t a c k  on hydrocarbon r a d i c a l s  i n  t h e  flame i s  an important i n t e r ­
mediate s t e p  i n  t h e  formation of NO,  NO formation should be reduced when sub­
s t a n t i a l  amounts of carbon are formed i n  t h e  flame, simply because t h e  con­
cen t r a t ion  of t h e s e  hydrocarbon r a d i c a l s  i s  reduced. 
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Unfortunately,known kinetic mechanisms for the oxidation of methane (see,

for instance, refs. 31 and 341, which predict the occurrence of superequilibrium 

concentrations of oxygen atoms in the flame, do not account for the formation, 

growth, and subsequent combustion of carbon in the flame. Hence, it does not 

appear to be currently possible to examine theoretically the effect of solid 

carbon in a methane flame on oxygen-atom superequilibrium concentration or 

hydrocarbon radical concentration. However, several experiments can be pro­

posed which could provide some information on this effect. Some of these 

experiments are identical with those already proposed for investigating the 

possibility that a decrease in I, is caused by equilibrium concentrations 

of NO having been reached. One such experiment would be to measure the molar 

emission index for CO and H2 flames. Since carbon is not formed in either of 

these flames, the absence or presence of a maximum in the molar emission index 

would tend to support or refute the proposal of a carbon effect. Although 

existing data already indicate that the molar emission index of CO flames does 

not attain admaximumas a function of pressure (see data from ref. 23 in 

fig. 14), these data need verification because air was not used as the oxidizer, 

the opposed-jet burner geometry employed was markedly different from the present 

geometry, and complete burning was not always attained. As an additional, but 

experimentally difficult step, the CO and H2 flames could be seeded with finely 

divided carbon particles to investigate their effect. Flames of hydrocarbons 

which produce carbon more readily than methane, such as ethylene, ethane, and 

propane, could also be investigated. With these flames, any effects due to car­

bon should be observed at lower pressures, although these flames very likely 

will smoke more readily. Premixed stoichiometric flames of methane and air do 

not form carbon at 1 atm, and none is expected even at high pressures. Hence, 

such flames could also be used to investigate the effect of carbon on NO forma­

tion. To study NO formation associated with combustion of carbon particles in 

a flame, a solid carbon body could be electrically heated in a stream of air. 

Significant NO formation would occur only in the region of high temperature 

immediately adjacent to the surface, the temperature of which could be both 

measured and controlled quite accurately. 


In the present study of NO formation, fuel and air flow rates have been 

held constant, and it has been assumed that molar emission index is relatively 

insensitive to them. With air in considerable excess, all the air that can 

possibly diffuse to the flame is available, and hence, the effect of air flow 

should be minimal. Since molar emission index is normalized by fuel consump­

tion, its dependence on fuel flow rate should also be minimal. As long as the 

flame remains laminar, total combined flow rate is likewise expected to have 

only a small effect on molar emission index. However, in future studies, all 

these factors should be considered, and the sensitivity of molar emission 

index (and of temperature) to the various fuel, air, and combined flow rates 

should be experimentally determined. 


CONCLUDING RFlMARKS 

A high-pressure flame system has been designed and constructed for study­

ing nitrogen oxide formation in fuel-air combustion. Its advantages and limi­

tations have been demonstrated by tests with a confined laminar methane-air 
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d i f f u s i o n  flame over t h e  pressure  range from 1t o  50 a t m .  I n  a l l  t e s t s  (except  
t hose  i n  which s t a b i l i t y  l i m i t s  were determined) ,  methane and a i r  flow rates 
w e r e  he ld  constant  at 41.8 s tandard cm3/min (sccm) and 2450 sccm, r e spec t ive ly .  
The methane i ssued  coax ia l ly  from a 3.06-mm-diameter p o r t  i n t o  a coflowing 
stream of a i r  contained wi th in  a 20.5-mm-diameter chimney. 

A number of i n t e r e s t i n g  phenomena have been observed i n  t h e  behavior of 
t h i s  methane-air d i f f u s i o n  flame over t h e  p re s su re  range from 1t o  50 a t m .  
Measurements of  n i t rogen  oxide concentrat ions i n  t h e  combustion products  of 
t h i s  flame have been made, and t h e s e ,  t o o ,  r e v e a l  many i n t e r e s t i n g  phenomena. 
On t h e  b a s i s  of t h e  present  experimental  d a t a ,  analyses  of t h e s e  d a t a ,  and 
comparisons wi th  o the r  experimental  and t h e o r e t i c a l  r e s u l t s ,  t h e  following 
observat ions and conclusions a r e  of fe red :  

(1)The shape of t h e  methane-air d i f f u s i o n  flame changes from a wide con­
vex flame a t  1a t m  t o  a s lender  concave flame a t  50 a t m .  The most no tab le  
change i n  shape occurs below about 5 a t m .  

( 2 )  Accompanying t h e  change i n  t h e  shape of t h e  flames i s  a marked inc rease  
i n  carbon i n  t h e  flame, and hence, t h e  luminosi ty  of t h e  flame, as t h e  pressure  
i s  increased from 1 t o  50 a t m .  It i s  conjectured t h a t  t h i s  i nc reas ing  amount 
of carbon i n  t h e  flame i s  l a r g e l y  respons ib le  f o r  i t s  change i n  shape. Accord­
i n g l y ,  any mathematical desc r ip t ion  of t h e  d i f f u s i o n a l  combustion of methane 
with a i r  a t  pressures  even moderately above 1 a t m  must proper ly  account f o r  t h e  
formation and subsequent combustion of carbon i n  t h e  flame., 

( 3 )  Although t h e  he ight  of t h e  flame changes t o  some exten t  wi th  p re s su re ,  
t h i s  change i s  not l a r g e ,  and with t h e  exception of 50-atm flames, t h e  flames 
were t y p i c a l l y  on t h e  order  of 10 mm high.  

(4)A s  t o t a l  p ressure  of t h e  flame i s  increased ,  t h e  l i m i t s  of s t a b i l i t y  
and e x t i n c t i o n  a r e  g r e a t l y  reduced, and t h e  l i m i t s  wi th in  which t h e  flame 
smokes a r e  g r e a t l y  increased .  The most pronounced changes occur between 1 and 
5 a t m .  Regardless of f low r a t e ,  a l l  flames a t  50 a t m  were found t o  be luminous. 
Even at only 20 a t m ,  a nonluminous flame could be produced only i n  a very l i m ­
i t e d  reg ion  of low f u e l  and a i r  flow r a t e s .  

( 5 )  Concentrations of n i t rogen  oxides produced during combustion were 
measured and repor ted  as a molar emission index,  t h a t  i s ,  t h e  moles of n i t rogen  
oxides formed per  mole of methane consumed. The molar emission index,  which i s  
0.85 x 10-3 at 1 a t m ,  increases  r a p i d l y  as pressure  i s  increased;  it reaches a 
maximum value of 1 . 2 1  x 10-3 a t  about 9 a t m ;  and t h e r e a f t e r  it decreases  slowly 
u n t i l  a t  50 a t m  it i s  back t o  t h e  same value t h a t  it w a s  a t  1 a t m .  This maxi­
mum occurs i n  s p i t e  of t h e  f a c t  t h a t  t h e  peak temperature i n  t h e  flame decreases  
from about 2130 K at 1 a t m  t o  about 1850 K a t  20 a t m ,  and t h e r e a f t e r ,  decreases  
r e l a t i v e l y  l i t t l e  as pressure  increases .  It i s  p a r t i c u l a r l y  s i g n i f i c a n t  t h a t  
f o r  gas t u r b i n e  engine app l i ca t ions ,  a t  a l l  pressures  above 1 a t m  and approach­
i n g  50 a t m ,  t h e  molar emission index i s  g r e a t e r  than  t h a t  at 1 a t m .  

( 6 )  S imi la r  d a t a  f o r  emission index f o r  gas t u r b i n e  engines ,  over a more 
l i m i t e d  range of pressures  than  t h a t  of t h e  present  s tudy ,  a l s o  reach  a m a x i m u m  
wi th  pressure .  
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(7)For the methane-air diffusion flame, overall average methane reaction 

rates were estimated from the data and compared with limiting kinetic predic­

tions. This comparison shows that the predicted reaction rates are more than 

an order of magnitude greater than the experimental rates and therefore con­

firms that the combustion is diffusion controlled at all pressures. 


(8)Overall average nitrogen oxide formation rates were also calculated 

from the data. These rates are far greater than nitric oxide formation rates 

predicted by the conventional two-step Zeldovich mechanism with oxygen atoms 

assumed to be in equilibrium with oxygen molecules. 


( 9 )  The concentrations of oxygen atoms required to give the observed 
nitrogen oxide formation rates were calculated according to the Zeldovich mech­
anism and then divided by the equilibrium oxygen-atom concentration to obtain 
required superequilibrium oxygen-atom ratios. At 1 atm the value of this 
ratio, 30, is close to literature values for premixed flames, but increases 
well into the thousands above 5 atm, reaching 10000 at 35 atm. At these higher 
pressures, it may be that an increasing amount of nitric oxide is formed 
through nitrogen-hydrocarbon reactions in addition to the Zeldovich mechanism. 

(10)The maximum observed in the curve of molar emission index as a func­

tion of pressure could be due to several possible causes: 


(a) At low pressures the molar emission index is determined by the 

kinetic rate of formation of nitric oxide; hence, it increases with pres­

sure because of the effect of increasing pressure on reaction rate. But 

at high pressures the equilibrium concentration of NO may be reached, and 

since this equilibrium concentration decreases with increasing pressure, 

the molar emission index also decreases. 


(b) The concentrations of oxygen molecules and oxygen atoms in the 

zone where most of the nitric oxide is formed may be changing with pres­

sure in such a way as to produce a maximum value for molar emission index. 


(c) The increasing amount of carbon formed in the flame as pressure 

increases may alter the combustion mechanism to produce fewer oxygen 

atoms or fewer hydrocarbon radicals. At sufficiently high pressures, 

this decreasing concentration of oxygen atoms or hydrocarbon radicals 

would cause a decrease in nitric oxide formation. 


(11)The present preliminary data do not permit a definite choice among the 

above alternatives for explaining the observed maximum in molar emission index. 

Accordingly, a number of experiments which would aid in making such a choice 

have been suggested. 


Langley Research Center 

National Aeronautics and Space Administration 

Hampton, VA 23665 

March 1,1977 
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APPENDIX A 

DEPENDENCE OF PSEUDOEQUIVALENCE RATIO ON VOLUMETRIC FLOW RATE 

OF FUEL AND A I R  AT STANDARD CONDITIONS 
? 

Define 

Thus, f o r  methane, S = 0.105. The pseudoequivalence r a t i o  based on a c t u a l  
molar flow r a t e s  t o  t h e  burner i s  def ined as 

But a t  s tandard condi t ions  , 

where VSTp i s  t h e  volumetric flow r a t e  a t  s tandard  condi t ions  (1a t m ,  293 K ) .  
Therefore ,  
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APPENDIX B 

DILUTION CALCULATIONS 

The combustion of methane i n  air  f o r  9 '  less than  1 can be expressed as 

CH4 + 0.219' (0 .210~+ 0.79N2) = CO2 + 2H20 + ($- - 2)02 + p ( - ) N 22 0 7 9  

and t h e  mole f r a c t i o n  of water vapor produced then  becomes 

For t h e  usua l  condi t ions of opera t ion  i n  t h e  present  r e p o r t  ( 0 '  = 0 . 1 6 2 ) ~  
x~~~ = 0.033, which i s  g r e a t e r  than  t h e  s a t u r a t i o n  value at 1 a t m  and room 
temperature of 296 K ,  about X H ~ O= 0.028. A t  a temperature of 288 K ( a r b i ­

t r a r i l y  about 8 K below room tempera ture) ,  the  p a r t i a l  p ressure  of w a t e r  vapor 
i s  0.0167 a t m ,  which corresponds t o  a mole f r a c t i o n  of 0.0167 a t  a t o t a l  pres­
s u r e  of 1 a t m .  Thus, t o  prevent condensation i n  unheated sample l i n e s ,  t h e  
mole f r a c t i o n  of water vapor must be less  than  or equal  t o  0.0167. T h i s  low 
mole f r a c t i o n  can be a t t a i n e d  by n i t rogen  d i l u t i o n ,  where 

where nN2,d i l  i s  t h e  number of moles of n i t rogen  added f o r  d i l u t i o n  per  mole 

of methane consumed. 

I n  t h e  present  s tudy,  t h e  molar r a t i o  of n i t rogen  t o  t o t a l  r e a c t a n t s  o r  
combustion products customari ly  w a s  2.4,  which, from equat ion (B3) with 
9 '  = 0.162, gives  xH20 = 0.0098. T h i s  value corresponds t o  a s a t u r a t i o n  tem­

pe ra tu re  of 279.9 K a t  1 a t m  and 354 K a t  50 a t m .  Therefore ,  t h e  use of 
unheated sample l i n e s  at 1 a t m  and sample l i n e s  at e leva ted  pressures  heated 
t o  393 K i s  adequate t o  prevent  condensation. 
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APPENDIX C 


GAS CHROMATOGRAPHIC SYSTEM 


The gas chromatographic system employed in the early checkout tests 
consisted of two separate gas chromatographs in series as shown in figure 23. 
The first chromatograph has two 3.658-m x 0.3175-cm-diameter columns of 
100 x 120 mesh Porapak Q, and the second has two 1.829-m x 0.635-cm-diameter 
Molecular Sieve 5A columns. Carrier gas (helium) sweeps the sample through the 
sample loop and onto the Porapak Q column in the first gas chromatograph where 
the light gases (H2, 02, N2, COY and CH4) come through early with only minimal 
separation.' These gases are carried to the second gas chromatograph where they 

are separated and analyzed on the Molecular Sieve 5A column. Just before COP, 

H20 and compounds with longer retention times are eluted from the Porapak Q 

column in the first chromatograph, the switching valve (SV, fig. 23) is thrown, 

and directs them to vent. This procedure permits analysis for the compounds 

with longer retention times on the Porapak Q column in the first gas chromato­

graph but prevents contamination of the Molecular Sieve 5A col& in the 

second. Pressure imbalance during switching is minimized by the regulating 

valves (RV in fig. 23) which have been preset to provide flow restrictions 

equal to those of the molecular sieve columns. The C02, H20, and compounds 

with longer retention times are analyzed by thermal conductivity as they 

are eluted from the Porapak Q column, with the exception of hydrocarbons,which 

are analyzed with flame ionization. Fixed capillary restriction coils provide 

the proper splitting of the flows to the thermal conductivity and flame ioniza­

tion detectors. 


Operating conditions for the two chromatographs are as follows: 


Porapak Q Molecular Sieve 5A 


Temperature, K, of -
C o l u m n o v e n . . . . . . . . . . . .  
Thermal conductivity cell . . . . .  
Injection port . . . . . . . . . .  
Transfer zone . . . . . . . . . . .  

Bridge current, mA . . . . . . . . .  
Helium carrier flow rate, sccm . . .  
Flame ionization detector: 
Flame temperature, K . . . . . . .  
Hydrogen fuel flow rate, sccm . . .  
Air flow rate, sccm . . . . . . . .  

Programed" 

473 

473 

473 


150 


41 


358 

383 

398 

383 


200 


41 


"The oven temperature is programed to be isothermal at 353 K for 
3 min following injection, then to increase 15 K/min up to 453 K and to 
hold at 453 K for 6 min before recycling. 
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Switching of t h e  e f f l u e n t  from t h e  first gas chromatograph t o  vent t o  prevent 
t h i s  e f f l u e n t  from being d i r e c t e d  t o  t h e  second gas chromatograph i s  accom­
p l i shed  at  1.75 t o  1.80 min a f t e r  sample i n j e c t i o n .  A 0.5-cm3 sample loop 
provides  a s u f f i c i e n t l y  l a r g e  sample f o r  a good a n a l y s i s  without in t roducing  
t o o  l a r g e  a pressure  pu l se  upon i n j e c t i o n .  An even l a r g e r  sample loop could 
be used s a t i s f a c t o r i l y  i f  des i r ed .  
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APPENDIX D 

ESTIMATE OF CARBON CONCENTRATION I N  THE FLAME 

An es t imate  of t h e  m a s s  concentrat ion of carbon i n  t h e  t i p  of t h e  flame 
can be obtained from t h e  b r igh tness  temperature measurements i n  t h e  t i p  of t h e  
flame and t h e  ca l cu la t ed  temperature of t h e  flame. By using equat ion ( 2 )  i n  
t h e  t e x t  and by approximating t h e  exponent ia l  by t h e  f i r s t  two terms of a 
Taylor s e r i e s  expansion, t h e  s p e c t r a l  emis s iv i ty  of t h e  carbon p a r t i c l e s  i n  t h e  
flame can be approximated by 

The s p e c t r a l  e x t i n c t i o n  c o e f f i c i e n t  KX i s  given by Mie theory  ( s e e ,  f o r  
i n s t ance ,  r e f .  40) as 

where p c  i s  t h e  dens i ty  of a carbon p a r t i c l e ,  X i s  t h e  wavelength, and 

and where n and K a r e  t h e  r e f r a c t i v e  and absorpt ion ind ices  i n  t h e  complex 
index of r e f r a c t i o n  m = n - inK. Equations ( D l )  and ( D 2 )  can be combined and 
solved f o r  c ,  t h e  m a s s  concent ra t ion  of carbon, t o  ge t  

This expression can be evaluated a t  A = 6500 A (650nm) by t a k i n  
n = 1.57,  K = 0.28 ( s e e  r e f .  4 1  f o r  propane s o o t ) ,  and pc = 2.0 g/cm3 
( a  v i r t u a l  constant  f o r  most carbon o r  soot  p a r t i c l e s )  t o  ob ta in  

E A  c = 3.38 x 10-5 -L 

To eva lua te  c ,  t hen ,  an es t imate  of t h e  s p e c t r a l  emis s iv i ty  i s  needed. 
This es t imate  can be obtained from t h e  d e f i n i t i o n  of s p e c t r a l  emis s iv i ty ,  
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where Tf i s  t h e  flame temperature ,  Tb,A i s  t h e  b r igh tness  temperature at 
wavelength A ,  and E A ( T ) ,  t h e  Planck func t ion  a t  temperature T,  i s  given by 

Neglecting t h e  1 i n  t h e  denominator ( v a l i d  f o r  AT 0.3) and s u b s t i t u t i n g  i n t o  
equat ion (D6) y i e l d s  

Values f o r  c a r e  obtained by s u b s t i t u t i n g  t h e  b r igh tness  temperature data at 
6500 8, and t h e  ca l cu la t ed  flame temperature i n t o  equat ion (D8) and by i n s e r t ­
ing  t h e  r e s u l t i n g  values  of EX i n t o  equat ion ( D 5 )  along wi th  values  f o r  L 
obtained f r o m t h e  flame photographs i n  f i g u r e  7 .  These va lues  of c are shown 
as a func t ion  of pressure  i n  f i g u r e  10. Since t h e  requi red  temperature d a t a  
a r e  not  ava i l ab le  below 5 a t m ,  t h e  po r t ion  of t h e  curve i n  f i g u r e  10  from 
5 a t m  down t o  2.5 a t m  w a s  cons t ruc ted  by a reasonable  ex t r apo la t ion  of t h e  
b r igh tness  temperature da t a  toward zero a t  1 a t m  and ex t r apo la t ion  of t h e  
flame temperature data towards 2130 K a t  1 a t m  (100 K below t h e  ad iaba t i c  
flame temperature of 2230 K t o  account f o r  hea t  l o s s  by molecular r a d i a t i o n ) .  
I f  s p h e r i c a l  carbon p a r t i c l e s  are assumed, t h e  number dens i ty  of carbon 
p a r t i c l e s  NC i n  t h e  flame i s  r e l a t e d ,  by d e f i n i t i o n ,  t o  t h e  m a s s  concen­
t r a t i o n  of carbon i n  t h e  flame by 

Hence , 

and NC can be est imated from equat ions ( D 5 )  and (D10)provided t h a t  i n fo r ­
mation on t h e  s i z e  of t h e  carbon p a r t i c l e s  i s  ava i l ab le .  
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APPENDIX E 

REACTION-RATE EXPRESSION FOR OXIDATION OF SOLID CARBON 

According t o  r e fe rence  29, a s u i t a b l e  expression f o r  t h e  s p e c i f i c  oxida­
t i o n  rate of s o l i d  carbon wi th in  a flame i s  given by t h e  equation ( a t t r i b u t e d  
t o  Nagle and Strickland-Constable):  

where w i s  i n  moles/cm2-sec and 

x =  1 

1 +  kT 
kBpx02 

kA = 20e -30000/RT 

kT = 1 . 5 1  x lo5 e-97000/RT 

kZ = 21.3e 4 100/RT 

To express t h e  s p e c i f i c  s u r f a c e  r e a c t i o n  r a t e  w given i n  equation ( E l )  
as a r e a c t i o n  r a t e  per  un i t  volume i n  t h e  flame, w must be mul t ip l i ed  by a 
f a c t o r  expressing t h e  t o t a l  sur face  a r e a  of t h e  carbon p a r t i c l e s  i n  t h e  flame 
per u n i t  volume of t h e  r e a c t i o n  zone i n  t h e  flame. For s p h e r i c a l  p a r t i c l e s ,  
t h i s  f a c t o r  i s  

where dC i s  t h e  p a r t i c l e  diameter and NC i s  t h e  number d e n s i t y  of p a r t i c l e s  
i n  t h e  flame. For t h e  l i m i t i n g  case  when a l l  t h e  carbon atoms i n  t h e  methane 
f u e l  appear i n  t h e  flame as carbon p a r t i c l e s ,  
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where (NC)m, i s  t h e  number dens i ty  of carbon p a r t i c l e s  i n  t h e  flame zone if 
a l l  carbon appears as soot  p a r t i c l e s ;  t h e  f irst  t e r m  i n  t h e  denominator on t h e  
r i g h t  s i d e  i s  t h e  volume of  a carbon p a r t i c l e  of diameter dc;  t h e  second t e r m  
i n  t h e  denominator is  t h e  number of carbon atoms pe r  u n i t  volume of a carbon 
p a r t i c l e ,  where p c  i s  t h e  dens i ty  of a carbon p a r t i c l e  (2.00 g/cm3), MC i s  
t h e  molecular weight of carbon, and NA i s  Avogadro's number; and No i s  

CH4
the  number of  carbon atoms a v a i l a b l e  i n  t h e  methane f u e l  pe r  u n i t  volume of t h e  
r e a c t i o n  zone i n  t h e  flame assuming s to ich iometr ic  combustion i n  t h e  flame 
zone. Expressing No i n  terms of mole f r a c t i o n  y i e l d s

CH4 

0 
XCH4PNA 

No = 
CH4 RT 

i s  t h e  mole f r a c t i o n  of methane f u e l  t h a t  would e x i s t  i n  t h e  flame 
where XCH4 
zone under s to ich iometr ic  condi t ions i f  none had been converted t o  soot .  Sub­

0s t i t u t i n g  equations ( E 3 )  and ( E 4 )  i n t o  (E2) and t ak ing  xCH4 = 0.095 r e s u l t s  
_In 

= 0.0417 
rmax dCT 

T h i s  expression i s  t h e  maximum poss ib le  t o t a l  su r f ace  area of carbon p a r t i c l e s  
of diameter dC i n  t h e  flame per  u n i t  volume of t h e  r eac t ion  zone i n  t h e  
flame. 
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TABLE 1.- REQUIRED OXYGEN-ATOM RATIOS FOR PREMIXED FLAMES 

Author Method System P, 
L t m  

T,
K 4 
-~__ 

Bowman ( r e f .  31) Theore t ica l  
c a l c u l a t i o n  

CHq-02-N; i 2200 

i 
0.8  
1 .0  
1.4 

30 

250 
80 

Ay and S iche l  
( ref .  34)" 

Theore t ica l  
ca1culat ion 

CHq-02-N2 1 

1 
30 

Adiabatic 

1 
0.6 
.8 
1.0 
1 . 4  

.6 

100 
35 
20 

1000 
180 

-- ~ 

Thompson, Brown, 
and Be& 

Experiment a1 C H 4 - a i r  1 
1 

~800t o  2000 
~800t o  2000 

0.75 - 96 
12 
4 

( r e f .  32) 
-

Iverach,  Basden, 
and Kirov 
( r e f .  3 3 )  

Experiment a1 Ethylene-
a i r  i 204 5 

1 1.55 
1100 
5500 

v a l u e s  of requi red  oxygen-atom r a t i o  a t t r i b u t e d  t o  A y  and S iche l  w e r e  
obtained from c ross  p l o t s  of f i g u r e s  publ ished by them. 
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Figure 2.- Ty-pes of Burke and Schumann diffusion flames. 
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Figure 3.- Schematic diagram of burner and sample collection system. 
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Figure 4.- Hot-wire igniter probe. Dimensions are in millimeters. 
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Figure 6.- Diagram of gas ana lys i s  system. 



H 1 m m  

I! 1.1 II 1 1.8 1 3.1 r\ 
Ambient pressure,  atm 

B 19.8 rl h 30.4 

Figure 7.- Photographs of  methane-air d i f fus ion  flames for various ambient pressures .  
Methane flow r a t e ,  41.8 sccm; a i r  flow r a t e ,  2450 sccm; burner diameter,  3.06 mm. 
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Figure 8.- Flame height as function of pressure. 
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Figure 10.- Mass concentrat ion of carbon as func t ion  of pressure .  
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Figure 13.- Molar emission index of NOX as function of pressure. 
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Figure 15.- Flame temperature as function of pressure. 
Dashed l i n e  indicates  extrapolation. 



.4 

.3 

.2 

I ' 


1 

\ 

-

-

-

-
-

-

-

-

d

0
+­
c

0
.+.c, 
8
2 .01 

.008 


.006 


.005 

.004 


.003 


.002 

\ 


I I 1 1 1 - I L L L  - I.001 
1 2 3 4 5 6 8 1 0  20 30 40 50 60 

Pressure, atm 

Figure 16.- Methane r eac t ion  volume as func t ion  of pressure.  

68 



IO-51 I I I 
1	.o 2.5 5 10 20 35 50 

p, atm 

I I 
2.0
I -

4.0 
In p

0 1.0 3.0 

Figure 17.- Average methane reaction rate as function of pressure. 

69 




.d 

0 
a 

m 
I

@a
E
4a 

* 
0 

E 
I 


0
x , I  / 

z
lk .. 
0
x F a t  Tf 

z 10 
W
0 


a

+.’
d 

k 

c

0 

+.’ 

2 4L3 
k
0 

W 

a

3 
k a

4 

F at 
6 = Tf- 100 K 

5 -
4-

- to give observed methane 
reaction r a t e  

\ -av  

10-91 I I 1 1 I I P, a tm1.0 2.5 5 10 20 35 50 
1 I I I I l n P  
0 1.0 2.0 3.0 4.0 

Figure 18.- Average NOy formation rate as function of pressure. 
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Figure 21.- Required oxygen-atom r a t i o  as func t ion  of p re s su re .  
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Figure 22.- Molar emission index as function of pressure. 
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Figure 23.- Gas chromatograph analytical train. 
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